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ABSTRACT 

Effects  of  desoxycoiticosterone  acetate  (DC A)  on  thyroxine-induced  meta¬ 
morphosis  were  studied.  When  tadpoles  at  hind  limh-hud  stage  are  treatetl  with 
1)C.\  alone,  their  metamorphosis  is  completely  inhibitetl.  DCA  seems  to 
inhibit  development  of  functional  activity  of  the  thyroid  gland  in  the  tadpoles 
at  this  stage.  But  when  thyroxine  and  DC.\  are  given  simultaneously,  the 
steroid  accelerates  the  water  loss  as  well  as  the  following  degenerativ'e  changes 
of  thyroxine-induced  metamorphosis:  decrease  in  the  length  of  trunk  and  tail, 
resorption  of  tail  fin  and  opercular  perforation.  On  the  other  hand,  it  antag¬ 
onizes  slightly  but  significantly  the  effect  of  thyroxine  on  anabolic  changes  such 
as  the  growth  of  forelegs  and  hind  limbs.  It  is  suggested  that  the  ratio  of  circu¬ 
lating  amounts  of  thyroxine  and  mineralocorticoids  is  important  in  regulating 
the  metamorphosis  of  anuran  tadpoles. 

IN  A  series  of  comparative  studies  on  the  effect  of  corticosteroids  on  the 
thyroid  gland,  we  have  found  that  desoxycorticosterone  acetate  (DCA) 
accelerates  metamorphosis  when  it  is  administered  to  toad  tadpoles  with 
liind  limhs  of  about  3  mm.  in  length,  but  it  inhibits  when  given  to  tadpoles 
at  hind  limb-bud  stage  (1  and  2).  Gasche  (3)  has  made  similar  observations 
in  Xenopus.  This  contradictory  effect  of  DCA  on  metamorphosis  is  pre¬ 
sumed  to  be  associated  with  different  levels  of  thyroid  activity  prevailing  in 
the  tadpoles  at  the  two  developmental  stages.  In  favor  of  this  supposition 
i'  the  general  agreement  that  the  thyroid  gland  shows  increased  activity 
cither  with  or  before  the  onset  of  metamorphosis,  and  the  greatly  increa.sed 
thyroidal  activity  as  metamorphosis  proceeds  (4).  To  further  investigate 
ifiis  supposition,  the  tadpoles  of  Bufo  vulgaris  formosus  and  Rana  japonica 
:  t  hind  limb-bud  stage  were  treated  with  combinations  of  DL-thyroxine 
i  lul  DCA  in  these  experiments.  The  animals  were  collected  in  the  vicinity 
<  f  Tokyo.  Three  separate  series  of  experiments  were  carried.  They  yielded 
’  niformly  similar  results. 
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EXPERIMENTAL  METHODS  AM)  RESULTS 

1.  Kjfect  of  DC'A  on  morphologic  changes  at  metamorphosis  induced  bg  thyroxine.  (  :i 
may  6,  2H  tadpoles  of  Bufo  with  hind  limbs  of  about  1.2  mm.  in  length  were  dividi  1 
into  six  groups  and  observations  were  made  over  the  following  eight  days.  From  th  t 
<lay,  each  group  of  tadjjoles  was  kept  in  a  fing(*r  bowl  of  10  cm.  diameter,  containing  2(  d 
cc.  of  one  of  the  following  culture  solutions:  (a)  1.7X10~*  .1/  1)C.\,  (b)  3.4X10~''  [ 
1)('A.  (c)  1.7Xl0-«  M  DCA  plus  oXlQ-*  M  OL-thyroxine,  (d)  3.4Xl0-«  M  DCA  ph.s 


Fig.  1.  Kffect  of  thyroxine  and  DCA  on  metamor|)ho.sis  of  the  tadpoles  of  Bufo  rur 
garis  formosus.  'I'adpoles  (a-f)  were  reared  in  following  solutions,  respectively:  (a)- 
1.7X10-"  .1/  DC'A;  (b),  3.4X10-"  .1/  DCA;  (c),  1.7X10-"  .1/  DCA  plus  oXlO--*  .1/  ui.- 
thyroxinc;  (d),  3.4X10^"  .1/  DC'A  plus  oXHC  .1/  OL-thyroxine;  (e),  5X10“^  .1/  ni,- 
thyroxine;  (f),  tap  water.  Xl.o. 

Fig.  2.  Effect  of  implantation  of  jiellets  of  thyroxiiu'  or  DC'.V  on  metamori)hosis  of 
th»>  tadi)oles  of  Rana  japonica.  .\  reiiresmitativi*  tadpole  from  each  group  is  shown, 
(a),  Tadpole  ri'ared  in  DCW  solution;  (b).  Tadpole  reared  in  DC'.V  solution  and  implanted 
with  thyroxine  pellet;  (c).  Tadpoh*  ri'ared  in  thyroxine  .solution  and  implanted  with 
DC'.V  iM'llet;  (d),  'I'adpole  n'an'd  in  taj)  water  and  implanted  with  thyroxine  pellet, 
(e).  Tadpole  reansl  in  thyroxini'  solution,  (f),  Tadjioh*  reared  in  tap  watiT.  Concentra¬ 
tions  of  the  DC'.V  and  thyroxine  solutions  were  (5.7 XHC’  .1/  and  12.5X10~*  .1/,  respec¬ 
tive!  v.  Xl.l. 


K  / 


5X10“*  .1/  DL-thyroxine,  (e)  5X10“*  M  OL-thyroxine,  (f)  tap  water  (control).  Thes(‘ 
solutions  were  jirepared  by  following  methods,  at  least  three  days  before  use.  Tin 
steroid  was  dissolved  in  the  minimum  volume  of  absolute  alcohol  and  then  diluted  with 
tap  water.  Thyroxine  was  dissolvi'd  with  slightly  alkaline  tap  water.  Control  medium 
was  adjusted  to  the  same  alkalinity.  The  molarity  of  the  hormones  is  expressed  in  final 
concentration.  During  the  experimental  period  culture  solutions  were  not  changed  and 
no  food  was  given  the  tadpoles.  The  tmnperature  was  about  IH®  C'. 

The  photograph  of  a  representative  tadpole  from  each  group  on  May  14 
at  the  end  of  the  period  of  .study,  is  shown  in  Figure  1,  and  the  details  o- 
oh.served  metamorphie  changes  are  pre.sented  in  Table  1,  and  the  re.sult- 
are  .summarized  in  Talile  2.  Metamorphosis  was  completely  inhil)ited  in  tin 
tadpoles  kept  in  DCA,  and  they  remained  almost  unchanged  throughoiU 
t lie  experiment.  The  forelegs  and  hind  limbs  of  control  tadpoles  grew  con¬ 
siderably.  Thyroxine  accelerated  both  the  growth  of  forelegs  and  hind 
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Table  1.  Kfkec’t  of  dca  ox  thyroxixe-ixduceu  metamohi’iiosis  ix  the  tadpoi.es  ok 

Miifo  vulgaris  formosus 

(Xiimberti  with  standard  errors  are  given  in  niin.) 


•eatinent  from 
'  »y  6  to  May  14 

No.  of 
tad¬ 
poles 

lA‘n^th  of 
trunk 

li  ' 

Height  of 
tail  1 

I.«ength  of  Length  of 

left  hind  limb  left  foreleg 

Opel-  1 
ciilar  1 
perfora-  , 
tion 

Kmer- 

gence 

of 

forelegs 

1  XlO  ‘-W 

I'  A 

3 

8.5±0.47  ' 

14.8±1.17 

1 

.  5  ±  0 . 20 

1.3±0.0<‘'‘'' 

i 

- 

3  i  X10  ‘  .W 

D  A 

5 

7.fi±0.36  j 

15.2±0.34’' 

1 

3.7±0.0'.» 

1.4±0.05“‘  ! 

i 

- 

5  HIM/ 

T:  vroxine  plus 

1  XIO  K\t  nCA 

.■) 

7.2±0.12'' 

i;i.2±0.61*' 

2.5  +  0.08’' 

3.1  ±0.05”  2.3±0.07’‘ 

1 

+  i 

-p 

5  10  "M 

Ti  •  roxine  plus 

3  XIO  «.v/  nCA 

5 

1 

e.0±0.17'' 

11..5±0.21'“' 

I 

2.0±0. 18^ 

3.4±0.17'’  2.5±0.15» 

!  + 

i 

+ 

5/  .  10  Wf 

Tl  roxim*  j 

i 

7.4  +  0.13 

13. 01 0.24*’ 

2.(l±0.12 

3.8  +  0.08*  i2.7±0.06»* 

- 

- 

Tep  water  (eontrol) 

4 

7.8±0.20 

16.3±0.73 

3.3±0.17 

2.4±0.25  1.7±0.02* 

- 

- 

*  I*  <0.01  compared  with  control  tadpolen. 

^  P  <0.05  compared  with  control  tadpole.^. 

®  P  <0.01  compared  with  thyroxine>tadpoles. 

®  P  <0.05  compared  with  thyroxine-tadpoles. 

♦  Measured  after  dissection  of  tadpoles. 

limbs  aiul  shortening  of  the  tail.  Measurements  of  the  length  of  forelegs 
were  made  hy  dis.seeting  them  from  their  bodies,  because  they  did  not  pro¬ 
trude  out  of  the  bodies  at  the  end  of  the  experiment.  Other  metamorphic 
changes  such  as  decrease  in  trunk  length,  and  tail  height  (measured  at  the 
middle  of  tail),  opercular  perforation  and  emergence  of  forelegs  from  body 
were  not  accelerated  significantly  by  the  thyroxine  concentrations  used 
within  the  time  of  observation  in  these  experiments.  Combination  of  thyrox- 
iae  and  either  l.TXlO  'd/  I)C.\  or  8.4XlO~®il/  DCA  had  a  synergistic 
effect  on  the  reduction  of  trunk  length,  tail  height,  opercular  perforation 
ai)d  emergence  of  forelegs.  It  .seems  likely  from  Figure  1  that  the  decrea.se 
in  tail  height  is  chiefly  due  to  resorption  of  the  tail  fin.  An  augmenting 
effect  of  pC'A  on  thyroxine  action  in  decreasing  tail  length  was  observed 
in  3.4X  l()  *.l/,  but  not  in  1.7X10“M/  DCA.  On  the  contrary,  DCA  seems 
to  antagonize  the  growth  promoting  effect  of  thyroxine  on  forelegs  and 


Table  2.  Si  mmary  ok  the  ekkect  ok  I)(,’.\  ox  thyroxixe-ixdi  ceh  .metamorphosis 

OK  TADPOLES  AT  HIXI)  LIMB-Bl'D  STACE  (8  DAYS  AKTER  TREATMEXTS) 


Treatment 

Thyroxine 

Thyroxine  -i-lX’A 

DCA 

(iinuth  of  for<‘iegs 

normal  growth 

aeeeleration 

antagonises  aetion  of  thyroxine* 

(i  >wth  of  hind  limbs 

normal  growth 

aeeeleration 

antagonises  aetion  of  thyroxine* 

Kr  ergenee  »»f  forelegs 

none 

nont' 

aeeeU‘ration 

Sti.irteninu  <>f  tail 

not  observed 

aeeeleration 

augments  aetion  of  thyroxine- 

(('oiiiplete 

D-  -)<*ase  ill  tail  height 

not  observed 

no  signiHeant 
a«*eeleration 

aeeeleration 

inhibition 
of  all 

SI  irtening  of  trunk 

not  oKserved 

no  signiHeant 
aeeeleration 

aeeeleration 

metamorphie 

changes) 

Hi  reular  p<‘iforation 

none 

none 

ai’eeleration 

I  -S  of  teeth 

half 

:*omplete 

eumplete 

S!  ipe  of  mouth 

larval 

larval 

adult;  aeeeleration 

M  tamorphie  dehydration* 

normal  loss  of 

a<‘<’eleration 

augments  aetion  of  thyroxine 

water 

*  ObHervation  on  dt-liydration  «a.H  done  in  separate  experiment, 
t  Effeetive  doee,  1.7X10  •-«  I)C.\. 

*  Effeetive  d<K*(‘,  3.4  XIO  *.Vf  I>C.\. 
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hind  limbs.  In  tadpoles  given  thyroxine  and  DCA,  larval  teeth  disappean  d 
and  the  shape  of  the  mouth  was  almost  of  adult  type.  Thyroxine-tadpol  s 
shed  their  teeth,  but  their  mouths  retained  their  larval  shape.  In  conti  >1 
tadpoles  about  half  of  their  teeth  disappeared,  but  the  mouths  were  still  )f 
larval  type.  In  DCA-tadpoles  teeth  were  all  present  and  the  mouths  i  •- 
mained  absolutely  unchanged. 

From  the  re.sults  thus  obtained,  it  may  be  concluded  that  DCA  give  ii 
alone  completely  inhibits  metamorphosis  of  tadpoles  at  hind  limb-bi.d 
stage,  but  when  thyroxine  and  DCA  are  given  simultaneously,  the  steroid 
augments  or  antagonizes  the  effect  of  thyroxine  depending  upon  the  sites 
of  metamorphic  changes  in  the  body.  It  would  appear  that  DCA  reinforces 
tho.se  metamorphic  actions  of  thyroxine  that  are  of  an  involutional  nature 
(decrea.ses  in  length  and  height  of  tail),  but  counteracts  tho.se  actions  whi(  h 
are  revealed  in  growth  (e.g.  hind  limbs  and  forelegs). 

Repeating  the  same  experiment  with  tadpoles  of  Rana  japonica  at  hind 
limb-bud  stage,  similar  results  were  obtained.  When  Rana  japonica  tad¬ 
poles  reared  in  DCA  solution  were  implanted  with  pellets  of  thyroxine,  or 
thvToxine-solution  reared  tadpoles  implanted  with  DCA  pellets,  the  effects 
resembled  tho.se  following  use  of  the  same  hormones  in  solution.  In  the 
i  implantation  experiment,  the  weights  of  pellets  of  thyroxine  and  DC'.\ 

were  about  0.05-0.1  mg.  and  about  0.1  mg.,  respectively.  Experimental 
culture  .solutions  made  of  tap  water  were  12.5X10~*il/  DL-thyroxine  and 
6.7X10~®iV/  DCA.  The  pellets  were  implanted  into  the  tail  mu.scle  near 
trunk.  The  temperature  during  the.se  ob.servations  was  about  25°C.  It  may 
be  seen  from  Figure  2  that  DCA  completely  inhibits  metamorphosis  in  this 
‘  species  and  thyroxine  induces  it;  furthermore,  DCA  modifies  the  action  of 

exogenous  thyroxine  in  the  manner  seen  in  Bufo  in  the  previous  experi¬ 
ment. 

By  keeping  them  in  progesterone,  estrone,  testosterone  propionate, 
or  cholesterol  of  8  graded  concentrations  between  2.3X10~^il/  and 
3.0X10“'M,  respectively,  and  also  by  keeping  them  in  cortisone  acetate  of 
3  different  concentrations  from  1.5X10~®M  to  6.2XlO~®d/,  no  clear  effect 
on  metamorphosis  was  ob.served  in  the  ab.sence  of  thyroxine  in  Bufo  tad¬ 
poles  at  the  two  developmental  stages  mentioned  abov'e.  Of  these  steroid-, 
only  te.stosterone  propionate  of  3.0X10~®M  had  a  slight  action,  a  relativel  y 
small  delay  in  metamorphosis. 

Anesthe.sia  was  produced  by  concentrations  above  4.0Xl0“®iI/  of 
progesterone  and  abov  e  6.7XlO~®il/  of  DCA. 

2.  Effect  of  DCA  on  dehydration  at  metamorphosis  induced  by  thyroxine.  It  is  \v(  I 
established  that  water  loss  takes  plaee  at  the  time  of  metamorphosis  of  anuran  tadpol' s 
(.5).  In  this  experiment,  a  study  was  made  of  the  effect  of  I)C.\  on  dehydration  at  the  tin 
of  metamorphosis  provoked  hy  thyroxine  in  Bufo  tadj)oles.  Experiments  and  ohserv:  - 
tions  were  made  during  the  period  betwesn  June  3  and  June  1 1.  The  final  eoncentratioi  ; 
of  DC.\  and  thyroxine  were  3.4X10~'’  M  and  .5X10“*  .1/.  respectively.  The  eultui 
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Fig.  3.  Curves  showing  changes  in  the  percentage  ratio  of  the  weight  of  body  water 
to  the  weight  of  the  body  in  experimental  and  control  tadpoles  of  Bufo  vulgaris  formosus. 
Kach  value  represents  the  mean  of  six  tadjioles  of  each  group.  The  vertical  lines  show 
the  standard  errors. 


solutions  were  prepared  by  the  same  methods  mentioned  in  the  previous  section.  Toad 
t  adpoles  with  hind  limbs  of  about  1  mm.  in  length  were  employed  and  were  kept  without 
food  in  experimental  and  control  solutions  of  200  cc.  listed  in  Figure  3.  The  animals 
were  starved  for  five  days  before  the  beginning  of  the  experiment  to  remove  the  in¬ 
testinal  contents.  Temperature  was  kept  at  about  24°  C  throughout  the  experimental 
'•oriod.  .\t  intervals,  wet  and  dry  weights  of  six  tadpoles  of  each  group  were  determined 
t  a  calculate  the  water  fraction  of  the  body. 

The  data  are  shown  in  Figure  3.  Relative  weight  of  body  water  decreased 
agnifieantly  (P<0.01)  in  control  tadpoles  at  the  end  of  the  experiment. 
)CA  completely  inhibited  this  water  loss.  In  thyroxine-tadpoles  significant 
ehydration  (P<0.01)  was  already  recognized  4  days  after  the  beginning 
f  the  experiment.  On  June  1 1,  both  thyroxine  and  control  tadpoles  showed 
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almost  tlie  same  water  eontent.  The  water  loss  in  control  tadpoles  may  I  e 
due  to  the  thyroid  hormone  secreted  by  thryoid  gland  during  normal  met.  - 
morpho.si.s.  The  difference  in  content  of  body  water  between  the  tadpole  .s 
treated  with  thyroxine  plus  DCA  and  thyroxine  alone  was  significai  t 
( P  <0.05)  on  June  11.  Thus  DC.\  and  thyroxine  had  a  .synergi.stic  effect  (  u 
dehydration  at  the  time  of  metamorphosis. 

DISCUSSION' 

In  the.se  experiments,  the  supposition  was  confirmed  that  the  contradic  ¬ 
tory  effect  of  DCA  on  metamorphosis  may  be  a.s.sociated  with  different 
levels  of  thyroid  hormone  in  the  body  at  the  two  developmental  stages 
studied.  The  inhibiting  action  of  DCA  on  metamorphosis  of  younger  tad¬ 
poles  (at  hind  limb-bud  stage)  may  be  due  to  small  amounts  of  thyroid 
hormone  in  the  body,  since  DCA  accelerated  metamorphosis  when  thy¬ 
roxine  was  simultaneou.sly  adiled  to  the  tadpoles  at  this  developmental 
stage.  And  the  augmenting  effect  of  DCA  on  metamorpho.sis  of  tadpoles 
with  3  mm.  hind  limbs  may  result  from  the  presence  of  adequate  amounts 
of  endogenous  thyroid  hormone  in  the  body.  Furthermore,  it  appears  that 
DC.\  inhibits  the  functional  development  of  the  thyroid  gland  in  tadpoles 
at  hind  liml)-bud  stage,  since  in  these  tadpoles  metamorphosis  is  completely 
inhibited  by  DCA.  It  functional  development  of  the  thyroid  had  taken 
place  normally  in  the.se  animals,  metamorphosis  presumably  would  have 
occurred  earlier  than  in  the  ca.se  of  control  tadpoles.  Combinations  of  DC'.V 
and  thyroxine  had  synergistic  effects  on  emergence  of  forelegs,  shrinking 
of  tail,  shortening  of  trunk,  opercular  perforation  and  tran.sformation  of 
mouth  from  larval  shape  into  adult  one.  Earlier  protrusion  of  fore  legs  in 
the  tadpoles  treated  with  D(\\  plus  thyroxine  is  proliably  due  to  the  pre¬ 
cocious  opercular  perforation  in  the.se  animals.  On  the  other  hand,  DCW 
slightly,  but  significantly,  inhiliited  the  growth  of  forelegs  and  hind  limbs 
during  stimulation  liy  thyroxine.  These  data  suggest  to  us  that  DCA 
accelerates  the  degenerative  changes  of  thyroxine-induced  metamorpho.sis. 
but  inhibits  analiolic  growth  changes  to  a  certain  extent.  Tran.sformation 
of  mouth  shape  from  larval  to  adult  type  may  be  an  exception  to  this 
generalization. 

DCA  cau.sed  tadpoles  to  retain  l)ody  water  when  thyroxine  was  absent 
from  the  culture  water,  but  it  induced  marked  dehydration  in  the  body 
when  exogenous  thyroxine  was  pre.sent.  This  suggests  the  co-operatioi' 
of  thyroxine  and  mineralocorticoids  in  the  water  loss  at  the  time  of  anurai- 
metamorphosis.  Also  in  mammals,  it  has  lieen  shown  that  increased  diuretit 
respon.se  to  water  by  hyperthyroidism  is  largely  abolished  by  adrenalec 
tomy  (()).  On  the  other  hand,  it  would  .seem  that  the  prophlogistic  activity 
of  DCA  described  by  Selye  (7)  could  well  lie  responsilde  for  the  accelera¬ 
tion  of  metamorphosis,  since  Ale.schin  (H)  has  shown  that  the  histological 
changes  during  tail  resorption  present  the  characteri.stics  of  an  inflamma- 
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!•  IV  reaction.  At  any  rate,  participation  of  mineralocorticoicls  in  normal 
a  man  metamorphosis  is  liighly  probal)le  from  the  observation  made  bj' 
S  enger  and  Charipper  (9)  that  marked  changes  take  place  in  adrenal 
1)  4ology  during  metamorphosis. 

Frieden  a»ul  Naile  (10)  have  observed  acceleration  of  thyroxine 
(  X  10~'A/)-induced  metamorphosis  of  Bufo  bufo  bufo  by  glucocorticoids, 
e  ‘rone  and  stilbesterol,  but  reported  no  effect  of  desoxycorticosterone 
(lXIO^'A/).  This  disagreement  with  the  present  data  may  be  due  chiefly 
t<  different  concentrations  of  thyroxine  and  DCA  employed.  The  author  ob- 
s( !  ved  in  some  experiments  that  high  concentrations  of  DCA  such  as 
7X10“''.1/  inhibited  resorption  of  the  tail  induced  by  oXlO~*d/  thyroxine. 
Ttiis,  and  the  other  data  now  availalde,  suggest  that  the  ratio  of  thyroxine 
and  DCA  is  important  in  affecting  the  metamorphosis  of  tadpoles.  Bock 
(1 1)  and  Gasche  (3)  reported  an  increase  in  metamorphic  rate  of  thyroxine- 
treated  tadpoles  by  using  cortin  and  DCA,  respectively.  The  dosage  used 
by  them  apparently  was  adequate  to  accelerate  metamorphosis.  The  failure 
of  estrone  and  cortisone  acetate  to  affect  metamorphosis  in  the  present 
experiment  possibly  may  also  be  ascribed  to  inadequate  concentrations 
of  the  hormones  for  the  tadpoles  of  Bufo  vulgaris  formosus.  Negative  effects 
of  cortisone  on  metamorphosis  also  have  been  reported  by  other  investiga¬ 
tors  (1 ‘2,  13). 
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ENHANCED  DESOXYRIBONUCLEIC  ACID  A(X  EMULA¬ 
TION  AND  RETARDED  PROTEIN  ACCUMULATION  IX 
SKELETAL  MUS(EE  OF  “HYPOPHYSECTOMIZED” 
CHICK  EMBRYOS^ 

DAVID  S.  LOVE  axd  IRWIN  R.  KONIGSBERG 

Division  of  Chemical  Embryology,  University  of  Colorado,  School  of 
Medicine,  Denver,  Colorado 

ABSTRACT 

Hormonal  regulation  of  the  ehemical  composition  of  developing  skeletal 
muscle  was  examined  by  the  use  of  chick  embryos  in  which  the  prosencephalon 
was  surgically  removed  at  Hamburger-Hamilton  stages  10  to  12.  Control  and 
operated  animals  were  sacrificed  at  two-day  intervals  from  the  10th  through 
the  20th  day  of  development  and  homogenates  of  leg  muscle  prepared  and 
a.ssayed  for  DXA,  RXA  and  protein  nitrogen  content. 

Muscle  fresh  weight  in  the  e.\perimental  group  is  normal  on  the  sixteenth  day 
hut  thereafter  increases  at  a  significantly  slower  rate  than  in  the  control  group. 

On  the  16th  day  of  development  both  the  RXA  and  protein  nitrogen  con¬ 
tent  of  the  leg  muscle  in  the  experimental  embryos  are  significantly  lower  than 
the  control  levels.  However,  although  the  differences  in  protein  nitrogen  con¬ 
tent  in  the  two  groups  becomes  progressively  larger  the  initially  observed 
differences  in  RXA  levels  is  maintained  throughout  the  remainder  of  the  ex¬ 
perimental  period. 

In  contrast  to  the  other  growth  parameters  studied  DXA  accumulation  is 
enhanced  in  the  absence  of  the  derivatives  of  the  prosencephalon.  DXA  accumu¬ 
lation  normally  decreases  sharply  after  the  16th  day  of  development.  In  the 
experimental  group  rapid  accumulation  continues  for  at  least  another  4S 
hours.  Consequently,  in  the  operated  embryos,  the  DXA  content  of  the  leg 
musculature  is  16%  and  22%  greater  at  18  and  20  days  respectively  than  in 
control  embryos. 

The  limb  bud  makes  its  appearance  during  the  3rd  day  of  the  develop¬ 
ment  of  the  chick  embryo  (1),  and  arises,  according  to  Strauss  and 
Rawles  (2),  from  the  mesenchymal  tis.sue  of  the  lateral  plate  mesoderm. 
Although  rudimentary  function  has  been  demonstrated  as  early  as  the  htli 
day  (3),  rapid  accumulation  of  contractile  proteins  does  not  begin  until  the 
11th  day  (4).  The  structural  protein,  collagen,  has  also  been  shown  to  in¬ 
crease  rapidly  at  the  same  time  (5).  Inasmuch  as  these  events  occur  in 
histologically  different  cell  types  (myoblasts  and  fibroblasts,  respectively 
there  is  a  .suggestion  of  the  appearance  of  one  or  more  general  regulator' 
mechanisms  governing  protein  accumulation  during  this  period.  Becausi 
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c  the  general  growth  regulating  effects  of  the  endocrine  system,  it  seemed 
r>  isonable  to  investigate  the  possibility  of  hormonal  influences  on  leg 
1  iscle  development  by  extirpating  the  pituitary  primordia. 

In  addition  to  weight  measurements,  accumulation  of  protein  nitrogen 
(:'X)  was  used  to  determine  cell  growth.  Deoxyribonucleic  acid  (DNA) 
w  IS  used  as  an  index  of  cell  proliferation  on  the  basis  of  the  experiments 
0  Davidson  and  Leslie  (6,  7)  in  which  the  constancy  of  this  material  per 
n  icleus  was  demonstrated.  In  view  of  the  recent  evidence  indicating  the 
ii  volvement  of  ribonucleic  acid  (RNA)  in  protein  synthesis  (8)  this  com- 
p  iiient  of  embryonic  muscle  was  measured  also. 

MATERIALS  AND  METHODS 

Fertile  eggs  of  the  Hy-Line  strain  of  a  White  Leghorn- Delaware  hybrid  fowl  were 
iiii  ubated  in  a  foreed-draft  inenbator  maintained  at  37.5°  C.  These  eggs  were  opened 
alter  33-40  hours  by  sawing  a  small  window  over  the  blastodise,  the  position  of  which 
was  determined  by  eandling.  Embryos  were  hypophysectomized  at  Hamburgcr-Hamilton 
(9)  stages  10  to  12  by  decapitation  at  the  level  of  the  middle  of  the  mesencephelon,  thus 
n  inoving  completely  both  primordia  of  the  pituitary  gland  (10).  The  eggs  were  sealed 
by  replacing  the  shell  fragment  and  securing  it  in  place  with  molten  paraffin.  The  same 
procedure  was  followed  for  the  controls  with  exception  of  decapitation. 

Approximately  50%  of  the  hypophysectomized  embryos  survived  to  the  14th  day 
and  about  half  of  these  reached  the  20th  day  of  development.  These  and  the  control 
embryos  were  sacrificed  at  two-day  intervals  from  the  12th  to  the  20th  day  by  severing 
the  remaining  portion  of  the  head  of  the  experimentals  and  the  head  of  the  controls  at 
the  level  of  the  base  of  the  mandible  and  the  second  cervical  vertebra.  The  carcasses 
were  blotted  on  paper  toweling  and  the  body  weight,  minus  head,  was  determined.  The 
leg  muscle  was  dissected  according  to  the  method  described  b}'  Konigsberg  and  Herr¬ 
mann  (11)  but  was  quickly  weighed  on  a  Roller-Smith  torsion  balance  before  freezing 
to  avoid  an}’  error  in  weighing  which  might  result  from  moisture  condensation  onto  the 
frozen  muscle. 

The  frozen  samples  were  homogenized  in  a  Potter  glass  homogenizer  immersed  in  an 
ice  bath  using  an  equal  volume  of  cold  normal  saline  solution  for  the  12,  14,  and  16-day 
embryos  and  twice  this  volume  for  the  18  and  20-day  embryos.  Following  homogenization 
tliese  samples  were  diluted  to  contain  100  mg. /ml.  with  the  exception  of  the  12-day 
sample  which  was  diluted  to  50  mg.  ml.  to  provide  an  ample  volume  for  analj’sis. 

Duplicate  aliquots  of  0.25  ml.  for  PN  determination  and  1.0  ml.  for  nucleic  acid 
determination  were  pipetted  into  12  ml.  graduated  centrifuge  tubes.  All  samples  were 
washed  with  cold  5%  TC.V  and  carried  through  a  lipid  extraction  with  50%  ether-alcohol 
at  47°  C.  The  PN  samples  were  digested  in  sulphuric  acid  containing  a  selenium  catalyst, 
while  the  samples  reserved  for  nucleic  acid  determination  were  extracted  w  ith  hot  TCA 
according  to  the  method  of  Schneider  (12).  The  diphenylamine  method  of  Dische  (13) 
was  used  for  the  colorimetric  assay  of  DNA,  and  the  method  of  Euler  and  Hahn  (14) 
or  RNA.  The  color  densities  were  measured  in  a  Beckman  model  DU  spectrophotometer 
t  wave  lengths  of  020  lambda  for  RN.V  and  600  lambda  for  DN.\.  The  digested  PN 
'ami)les  were  nesslerized  and  read  at  500  lambda  in  a  Coleman  colorimeter. 

RESULTS 

As  shown  in  Table  1,  body  weight  augmentation  is  not  affected  by  de- 
apitation  until  the  16th  day  of  development,  when  a  .statistically  signifi- 
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Table  1. 

Body  weicht  (.mim  s  head)  ok 

COXTROI, 

.  AM)  DKl’APITATKI)  EMBRYOS 

'ays  of 
■lo|)in(‘iit 

Decapitates  I 

Controls  II 

Xo.  of 
cases 

Mean  ±S.K.,  nm. 

Xo.  of 
eases 

Mean  ±S.K.,  gm. 

.Mp  I  and 

12 

l() 

2.()‘)+0.ir) 

14 

2.11  +0.10 

0.0 

14 

la 

4.25+0.28 

18 

4.07  ±0.45 

0.2 

IC) 

8 

0.22  ±0.28 

p 

8.40+0.45 

0.001 

18 

lt> 

0. 18+o.ao 

18 

14.51  +0.02 

0.001 

2(1 

14 

10. 15  ±0.87 

8 

18.51  + 1 .87 

'  0.001 

M|) — Tht'  lfvi*l  of  confitionce  in  tiie  (litTorcnco  Ix-tween  tlu*  mt'iins  of  the  (l»‘cjii)it:ites  tl) 
iiiiil  tin*  controls  (II). 

S.K. —  Staiwlard  error  of  (he  in(‘an. 


cant  difference  of  37%  becomes  apparent  between  the  body  weights  of  coii- 
trol  and  experimental  embryos.  By  the  18th  day  this  has  increased  to  63% 
and  is  maintained  (o8%)  on  the  20th  day.  Inhibition  of  fresh  muscle  weight 
increase  (Table  2),  on  the  other  hand,  does  not  appear  until  the  18th  day 
when  the  weight  of  the  experimental  eml)ryo’s  leg  muscle  is  18%  less  than 
the  controls’.  This  difference  increases  to  33%  by  the  20th  day. 

The  marked  increase  in  body  weight  difference  from  the  16th  to  the  18th 
day  is  the  result  of  a  sharp  rise  in  the  rate  of  body  weight  augmentation  in 
the  control  embryo  during  the  16  to  18-day  interval.  This  is  shown  to  be 
significant  by  the  calculation  and  statistical  comparison  of  the  regression 
coefficient  for  the  14  to  16-day  interval  to  that  for  the  16  to  18-day  period 
(1.683  gm./day  to  3.006  gm.  day,  P  <0.001).  No  .significant  change  in  the 
rate  of  body  weight  increase  of  the  experimental  embryos  was  observed 
during  the  entire  12  to  20-day  interval.  The  differences  in  fresh  musch* 
weight,  however,  are  due  to  a  significant  reduction  in  the  rate  of  muscle 
weight  augmentation  in  the  decapitated  embryos  during  the  16  to  20-da\ 
period  compared  to  that  from  12  to  16  days  (110  mg.  day  to  30.4  mg./day, 
P  <0.001).  There  is  no  variation  in  the  rate  of  fresh  muscle  weight  aug¬ 
mentation  in  the  normal  embryos  from  the  12th  to  the  20th  day  of  develop¬ 
ment. 

From  the  data  presented  in  Table  3  it  can  be  seen  that  no  significant 
differences  in  1)N.\  content  can  be  demonstrated  prior  to  the  16th  day. 


'PaBI.K  2.  FkKSII  MI  SI  I.K  \VKH:ilT  OK  ONE  I.EG  IN  TONTROI.  .\\1)  l>EC.\  1*11  ATEI)  EMBRYOS 


Days  of 
dev(‘lopinent 

Deeajiitates  I 

('ontrols  11 

Mp* 

I  and  II 

Xo.  of 

pastes 

.M<*an  ± S.lv,  nitj. 

No.  of 

PUSOS 

.Mean  ±S.K.,  niK. 

12 

10 

08.8+  7.0 

0 

08.8+  0.0 

0.5 

14 

10 

280.0±11  .0 

10 

201  .0+  18.0 

0.8 

10 

454.0  ±10.0 

10 

457.0  +  10.0 

0.0 

18 

To 

500.0  ±21  .0 

1 5 

084.0+81  .0 

0.01 

20 

18 

018.0  ±20.0 

18 

025.0  ±57.0 

0.001 

M|)  'riic  sam<“  a.**  in  Tat>l(*  1. 


.1  ril,  I95S 


KNDOC'RIXK  (’OXTROL  OF  .Ml'SCI.K  (IROWTH 


8S1 


Table  3.  Deoxyriboxitleic  acid  (’oxtent  <»k  the  lec  Mrsci’LATi  RE 


Days  of 
velopment 

Deeapitates  I 

Controls  11 

Mp* 

1  and  11 

Xo.  of 
eases 

Mean±S.K.,  ing. 

Xo.  of 
eases 

Mean  ±S. 10.,  mu. 

12 

10 

0.204+0.018 

0 

0.221  +0.031 

0.0 

14 

0 

0.. 575+0. 017 

8 

0.042  ±0.058 

0.0 

U) 

0 

0.017  +0.053 

8 

1  .1.50  +  0.084 

0.8 

18 

1 1 

1  .404  ±0.074 

8 

1  .274  +0.042 

0.02 

20  1 

1  0 

1  .070  ±0.083 

l> 

1  .302+0.0.58 

0.01 

♦  Mp— The 

same  as 

in  Table  1. 

Alter  this  time,  however,  the  DNA  values  of  tlie  experimental  group  are 
sij^nifieautl.y  higher  than  those  of  the  controls,  and  are  the  result  of  a 
in  Jiked  drop  in  the  rate  of  DNA  accumulation  in  the  controls  after  the 
sixteenth  day.  (No  significant  differences  exist  between  the  DNA  levels  of 
the  control  embryos  at  16,  18  and  20  days.)  In  contrast  to  this,  DNA 
accumulation  in  the  experimental  embryos  continues  at  a  considerable 
rale  until  the  18th  day  and  only  thereafter  begins  to  decline. 

The  first  significant  difference  between  experimental  and  control  em¬ 
bryos  in  both  PN  (Table  4)  and  RNA  (Table  5)  content  of  the  leg  muscula¬ 
ture  occurs  on  the  Kith  day  of  development  and  is  the  result  of  an  increased 
rate  of  accumulation  of  both  components  in  the  control  embryos  during  the 
14  to  16-day  interval  with  no  corresponding  increase  in  the  experimental 
embryos.  A  small  but  statistical!}'  significant  increase  in  the  rate  of  PN 
accumulation  in  the  experimental  group  was  observed  during  the  16  to 
IS-day  interval,  but  the  PN  level  of  the  leg  musculature  of  the  experimental 
embryos  never  reaches  the  level  attained  by  the  control  group.  The  rate 
of  RN.\  accumulation  in  the  experimental  embryos  remains  the  same  over 
the  entire  12  to  20-day  period.  The  initial  difference  in  RNA  content  be¬ 
tween  controls  and  experimentals,  established  on  the  16th  day,  is  main¬ 
tained  through  the  20th  day. 


DISCUSSION 

The  exclusion  of  the  pituitary  from  the  developing  embryo  results  in 
the  prolongation  of  the  period  during  which  rapid  accumulation  of  DNA 


Table  4.  Proteix  xitrooex  toxtext  of  the  lec:  mi  sci  lature 


Days  of 
levelopinent 

l)eeai)itates  I  i 

Controls  II 

.Mp* 

I  and  II 

Xo.  of 
cases 

Mean±S.K.,  ihk- 

1 

No.  of 
cases 

.Mean  ± S.H.,  mg. 

12 

10 

0.021  +0.071 

0 

0.880+0.217 

0.2 

14 

0 

1  .000+0.040 

0 

2.401+0.335 

0.1 

10 

0 

3.. 507  +0.230 

8 

5.720+0.012 

0.01 

18 

1 1 

0. 108  ±0.427 

4 

0.272+0.724 

0.001 

20 

0 

8.331  ±0..500 

0 

14.411  +  1. 1.53 

0.001 

*  Mp  The  sitmt'  as  in  Table  1. 
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occurs  in  the  leg  musculature.  By  the  18th  and  20th  day  of  developrne  t 
the  operated  embryo.s  exhibit  strikingly  greater  DNA  per  organ  levels  th;  n 
their  normal  controls.  The  higher  DNA  levels  in  the  experimental  animj  is 
may  represent  either  continued  nuclear  proliferation  or  the  attainment  )f 
polyploidy  by  a  portion  of  the  nuclear  population.  An  increase  in  diplo  d 
nuclei  concomitant  with  a  decrease  in  the  number  of  tetraploid  nuclei,  h  .s 
in  fact,  been  ob.served  in  the  liver  of  hypophysectomized  adult  rats  (l.i). 
A  shift  in  the  oppo.site  direction,  however,  would  be  required  to  expla  n 


Table  5.  Uiboxi  cleic  a<'iu  context  of  the  lec  mi  sci  latcre 


Days  of 
development 

Deeapitates  I 

Controls  II 

Mp* 

I  and  II 

No.  of 
cases 

Mean  ±S.E.,  mg. 

No.  of 
,  cases 

Mean  ±S.E.,  mg. 

12 

8 

0.332  ±0.018 

7 

0.31510.041 

0.8 

14 

0 

0.022+0.001 

8 

1.113+0.110 

0.1 

10 

0 

1 .40310.001 

8 

2.210+0.211 

0.01 

18 

0 

2.00810.130 

0 

2.87410.208 

0.01 

20 

0 

2.48010. 144 

0 

3.321  ±0.205 

0.02 

*  Mp — The  same  as  in  Table  1. 


the  observed  increases  in  DNA  in  the  pre.sent  study,  as.suming  that  such 
shifts  are  not  restricted  to  organs  normally  exhibiting  a  high  degree  of 
polyploidy.  Irrespective  of  the  cytological  distribution  of  the  additional 
DNA,  the  data  suggest  that  in  normal  development  the  synthesis  of  this 
component  of  muscle  cells  is  curtailed  by  a  hormonally  regulated  mecli- 
anism. 

In  contrast  to  the  DNA  content  both  the  protein  nitrogen  and  RNA 
values  for  the  total  leg  musculature  of  the  operated  embryos  are  signifi¬ 
cantly  lower  than  the  control  lev^els.  Moreover  the.se  differences  develop 
concomitantly  which  in  the  light  of  current  thought  on  the  role  of  RNA 
in  protein  synthesis  (8),  is  rather  .suggestive.  The  decrease  in  PN  and  RNA 
accumulation  by  decapitation  indicates  that  the  hypophysis  is  involved  in 
the  rapid  accumulation  of  leg  mu.scle  protein  that  begins  between  the  14th 
and  16th  day. 

The  differences  between  experimental  and  control  values  for  protein 
nitrogen  and  RNA  per  total  leg  musculature  ob.served  in  the  present  study 
are  clo.sely  similar  to  those  reported  for  thiourea-treated  embryos  (16). 
The  pre.sent  re.sults  differ  from  those  observed  in  thiourea-treatmeni, 
however,  in  that  the  continued  accumulation  of  DNA  is  much  more 
marked.  Treatment  with  the  goitrogen  re.sulted  in  a  more  rapid  accumul:  - 
tion  of  DNA  from  the  16th  to  the  18th  day  but  the  DNA  content  nevc” 
exceeded  the  control  level  as  observed  in  the  pre.sent  study.  The  result  ^ 
reported,  therefore,  cannot  be  ascribed  entirely  to  hypothyroidism. 

In  view’  of  the  central  role  of  the  pituitary  in  endocrine  regulation,  it  i 
quite  po.ssible  that  the  ob.served  effects  of  the  ab.sence  of  the  pituitary  ai 
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n  'diated  through  dependent  endocrine  organs.  Several  endocrine  effects 
0  cell  proliferation  have  been  described.  For  example,  Stevens  and  Reid 
(  7)  report  a  large  increase  in  desoxyribonuclease  activity  in  the  liver  cells 
o  adrenalectomized  rats  accompanied  by  an  increase  in  DNA  content, 

1)  t  only  a  small  increase  in  DNAase  activity  without  an  accompanying 
ii  lease  in  DNA  content  occurs  as  a  result  of  hypophysectomy.  Since  a 
n  irked  inhibition  of  the  development  of  the  adrenal  cortex  of  the  chick 
e.  ibryo  has  been  shown  by  Case  (18)  to  be  a  consequence  of  decapitation, 
tl  c  possibility  exists  that  continued  DNA  accumulation  in  the  decapitates 
i>  due  to  di.sturbed  adrenal  function  and  not  directly  to  the  absence  of 
li.  pophyseal  hormones. 

Although  it  is  not  possible  at  tliis  time  to  attribute  the  results  of  de- 
ciipitation  to  specific  hormones,  the  similarity  between  the  decapitated 
chick  embryos  and  hypophysectomized  (19),  thyroidectomized  (20)  and 
doulily  operated  (21)  neo-natal  rats  suggests  a  synergistic  action  of  growth 
hormone  and  thyroxine  on  cell  growth.  Scow  (20)  has  shown  that  the  re¬ 
tardation  of  myosin  and  collagen  accumulation  in  either  hypophysecto- 
inized  or  thyroidectomized  neo-natal  rats  cannot  be  completely  reversed  by 
supplementing  growth  hormone  alone.  Konigsberg  (10),  on  the  other  hand, 
was  able  to  show  complete  reversal  of  the  effects  of  thiourea  treatment  on 
PX  and  RX"A  accumulation  by  administration  of  thyroxine.  In  contrast  to 
this,  Jost  has  reported  that  body  weight  augmentation  of  decapitated, 
thyroidectomized,  or  doubly  operated  rabbit  fetuses  is  not  significantly 
impaired  (22).  Biit  the  effects  of  these  operations  are  complicated  by  the 
presence  of  maternal  hormones  and  Jost  points  out  that  extirpation  of 
the  maternal  endocrine  organs  in  addition  to  those  of  the  fetus  is  necessary 
Ix'fore  the  re.sults  can  be  completely  conclusive. 

The  discrepancy  between  the  time  of  inhibition  of  muscle  weight  increase 
and  accumulation  of  muscle  components  might  be  the  result  of  disturbed 
water  balance,  caused  by  the  removal  of  the  posterior  pituitary  primordia, 
and  resulting  in  fluid  retention  in  the  muscle. 
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HORMONAL  BALANCE  AND  LIVER 
CATALASE  ACTIVITY' 
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ABSTRACT 

Adrenocortical  steroids  and  various  dietary  factors  were  studied  for  their 
effects  on  liver  catalase  activity.  Rats  which  were  force  fed  a  nutritionally 
adequate  diet  showed  reduced  liver  catalase  activity;  this  reduction  was  not 
influenced  by  corticosterone  administration.  .Vnimals  fed  ad  libitum  responded 
to  corticosterone  with  a  slight  decrease  in  catalase  activity.  Rats  denied  food 
for  5  days  showed  diminished  catalase  activity  and  this  effect  was  greatly 
accentuated  by  giving  cortisone  acetate  during  the  fasting  period.  The  ability 
of  hydrocortisone  acetate  to  suppress  catalase  activity  was  abolished  when 
desoxycorticosterone  acetate  (DC.\)  was  administered  concurrently.  DC.\,  by 
itself,  had  no  effect  on  this  enzyme.  .\  tentative  hypothesis  relating  to  the 
hormonal  control  of  catalase  activity  is  proposed.  It  is  based  on  the  premise 
that  the  adrenocortical  secretions  are  the  principal  hormonal  factors  in  catalase 
regulation.  The  modifications  in  catalase  activity  seen  after  other  endocrine 
changes  are,  according  to  this  hypothesis,  due  to  simultaneous  quantitative  or 
qualitative  changes  in  adrenocortical  secretion. 

VARIOUS  modification.s  of  adrenocortical  function  have  been  shown  to 
influence  liver  catalase  activity  in  the  rat  (1,  2).  Cortisone  and  hy¬ 
drocortisone  produce  a  reduction  of  catalase  activity;  adrenalectomy  or 
administration  of  ACTH,  however,  do  not  affect  the  activity  of  this  en¬ 
zyme.  This  interesting  discrepancy  has  prompted  further  investigation  of 
tlie  role  of  the  adrenal  cortex  in  catalase  regulation. 

Four  steroids  now  known  to  be  secreted  by  the  isolated  adrenal  of  normal 
rats  are  corticosterone,  hydrocortisone,  cortisone  and  aldosterone  (3,  4). 
The.se  steroids  are  normally  secreted  in  rather  fixed  proportions  but  the 
rate  of  .secretion  of  the  individual  hormones  can  vary  independently  and 
several  factors  are  known  which  modify  the  ratio  of  one  to  another  (5,  6,  7). 
As  suggested  previously  (1),  the  explanation  for  the  lack  of  an  effect  with 
ACTH  on  catalase  activity  may  lie  in  the  concept  of  relative  proportions 
of  circulating  adrenal  cortical  steroids.  There  is  evidence  (8)  that  athough 
ACTH  increases  the  total  secretion  of  the  adrenal  cortex,  no  change  in  the 
relative  amounts  of  the  various  steroids  occurs  in  short  term  experiments. 
However,  the  injection  of  exogenous  steroids  would  seriously  up.set  the 
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overall  pattern.  If  this  concept  has  basis  in  fact,  it  should  be  possible  to 
administer  adrenal  .steroids  in  proportions  which  do  not  affect  liver  catalj  se 
activity.  This  paper  gives  the  results  of  investigations  on  this  and  related 
problems. 


METHODS 

^lale  rats  of  the  Holtzman  strain  were  used  throughout  these  experiments.  Thev 
were  maintained  on  Purina  laboratory  chow  and  water  ad  libitum  unless  otherwise 
stated. 

Catalase  activity  of  liver  homogenates  was  measured  by  the  sodium  perborate 
method  (9)  and  activity  is  expressed  as  milliequivalents  of  sodium  perborate  destroyed 
per  gram  of  liver  or  per  milligram  of  nitrogen.  Details  of  this  procedure  are  given  in 
the  previous  study  (1). 

Hydrocortisone  was  administered  by  intragastrie  intubation  as  the  acetate  in  saline 
suspension.  Desoxyeortieosterone  acetate  (DC.\)  and  cortisone  acetate  were  given  sub¬ 
cutaneously  in  saline  suspension.  Corticosterone  was  given  subcutaneously  in  sesame 
oil. 

The  semiliquid  diet  used  for  force  feeding  in  this  investigation  furnished  each  rat 
daily  47  calories,  3.2  gm.  protein,  1.3  gm.  fat.  5.6  gm.  carbohydrate,  vitamins  and 
minerals  in  nutritionally  adequate  quantities.  Each  rat  was  fed  morning  and  evening 
during  the  five  day  experimental  period.  The  animals  were  adjusted  gradually  to  the 
diet  by  giving  increasingly  larger  amounts  for  several  days  before  they  were  maintaiiK'd 
entirely  on  this  diet.  During  the  period  of  adjustment  they  had  acce.ss  to  their  regular 
diet  of  laboratory  chow.  The  ad  libitinn  fed  control  animals  were  handled  in  a  similar 
way  in  that  the  feeding  tube  was  passed  each  time  the  force  fed  animals  received  it  but 
no  food  was  introduced. 

The  adrenal  glands  and  spleen  respond  with  characteristic  weight  changes  to  many 
endocrine  imbalances.  For  this  reason,  adrenal  and  spleen  weights  are  recorded.  The 
adrenal  glands  were  dissected  free  from  fat  and  connective  tissue  and  weighed  individu¬ 
ally  to  the  nearest  0.1  mg.  Tabulated  values  represent  the  average  weight  for  a  single 
gland. 

Total  nitrogen  content  of  the  liver  homogenates  was  determined  by  a  micro-Kjeldahl 
procedure. 


RESULTS 

Corticosterone  appears  to  be  the  principal  .secretory  product  of  the  rat 
adrenal  cortex  (10).  In  view  of  this  it  was  important  to  determine  the  effect 
of  this  .steroid  on  catalase  activity.  The  glucocorticoids  are  known  to  re¬ 
duce  food  intake  of  experimental  animals  thereby  introducing  inanition  as 
a  possible  causative  factor  in  any  study  involving  the.se  steroids.  With  this 
in  mind,  corticosterone  was  first  studied  in  rats  force  fed  a  .semiliquid 
diet.  The  data  in  Table  1  indicate  that  the  force  feeding  procedure  by  it¬ 
self  significantly  decrea.sed  catalase  activity.  This  is  apparent  when  cata¬ 
lase  activity  is  expre.ssed  either  as  m.eq.  mg.  nitrogen  or  m.eq.  gm.  liver. 
Because  catalase  assay  results  were  independent  of  the  manner  of  calcula¬ 
tion,  the  .‘Statistical  .significance  of  the  differences  between  groups  is  given 
only  for  the  data  calculated  on  the  tissue  weight  ba.si.s.  The  reason  force 
feeding  should  depress  catalase  is  obscure  but  may  be  related  to  the  stre.  s 
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1  \BLE  1.  Effect  of  diet  and  steroids  on  diver  catalase  activity  in  male  rats. 
Eight  rats  per  group 


Gi  up  No.  and  treatment 

Body 

weight 

Liver 

Adrenal 

Catalase  activity* 

Initial 

Terminal 

weight 

weight 

Per  mg.  N. 

Per  gm.  liver  t 

1.  Ff  od  libitum 

2.  Fo  e  fed,  5  d. 

3.  Fo  :e  fed  plus  corticosterone, 

’  5  !  d.;  5  d. 

gm. 

300  ±11 
297  ±  13 

301  ±  14 

gm. 

299  ±12 

289  ±  14 

281  ±  10 

gm. 

9.5±  .8 
9.2±  .4 

10. 8±  .4 

mg. 

20.7±1.6 
22. 5±  .7 

17. 6±  .6 

19. 9±  .33 
16. 8±  .93 

15. 5±  .65 

656  ±13 

564  ±25 

553  ±  25 

4  Fc'i  >id  libitum 

375  ±12 

385  ±  12 

9.7±  .2 

23. 9±  .5 

26.()±1.2 

815  ±31 

5.  Fa  ted,  5  d. 

415  ±9 

372  ±9 

6.8±  .1 

24. 5±  .2 

21.2±1.3 

721  ±33 

6.  Fa  ed  plus  cortisone  acetate, 

5  I  5  d. 

419±11 

363  ±9 

9.0±  .2 

20. 2±  .8 

17.7±  .56 

529  ±  27 

.Ail  results  in  this  and  the  following  tables  are  given  as  Mean±S.E. 
*  Milliequivalents  perborate  decomposed. 

t  Oifference  between  group  1  and  group  2:  significant  P  =  <.05 
Difference  between  group  1  and  group  3:  significant  P  =  .02 

Difference  between  group  2  and  group  3;  not  significant  P  =  >.5 
Difference  between  group  4  and  group  5:  significant  P  =  .05 

Difference  between  group  4  and  group  6:  significant  P  =  <.01 
Difference  between  group  5  and  group  6:  significant  P  =  <.01 


involved.  Thi.s  is  supported  by  the  somewhat  larger  adrenal  glands  of  the 
force  fed  rats  (Group  2)  as  compared  to  the  ones  fed  ad  libitum  (Group  1). 
Corticosterone  did  not  modify  the  catalase  response  to  force  feeding 
(Group  3).  When  administered  to  rats  fed  the  regular  cube  diet,  this  steroid 
produced  a  slight  reduction  of  catalase  activity  (Table  2,  Group  2). 

In  view  of  the  indication  that  force  feeding  decreases  catalase  activity  it 
seemed  of  interest  to  reinvestigate  the  effect  of  cortisone  on  this  enzyme 
under  conditions  which  would  not  allow  variations  in  food  intake  to  be  a 
factor.  In  the  lower  part  of  Table  1,  it  is  shown  that  fasting  for  5  days 
(rats  allowed  water  only)  produces  a  significant  reduction  of  catalase  ac¬ 
tivity  and  that  cortisone  acetate  given  during  this  period  of  fasting  greatly 
intensifies  the  reduction.  Miller  (11)  has  found  a  7-day  fast  to  result  in 
los.s  of  rat  liver  catalase  activity. 

I’he  animals  in  Table  2  were  fed  the  regular  cube  diet  ad  libitum.  The 
catalase-depressing  property  of  cortisone  acetate  is  not  decreased  by  the 
simultaneous  administration  of  corticosterone  (Group  5). 

Table  3  records  results  following  hydrocortisone  acetate  and  DCA 
administered  individually  and  in  combination.  The  animals  in  Group  1 
were  divided  into  two  equal  groups.  One  group  received  no  treatment  while 


Table  2.  Effect  of  adre.nocortical  hormones  on  liver  catalase  activity  in 

MALE  RATS.  ElGHT  RATS  PER  GROUP 


Group  No.  and  treatment 

Body 

weight 

Liver 

Spleen 

.Adrenal 

Catalase 

Initial 

Terminal 

weight 

weight 

weight 

activity* 

1.  None 

gm. 

253  ±13 

Km. 

258  ±14 

Km. 

8.8±  .6 

mg. 

657  ±80 

mg. 

18. 5±  .6 

822  ±  16 

2.  C  .rticoeterone,  5  mg./d.;  5  d. 

226  ±9 

219±7 

7.8±  .4 

399  ±74 

12. 8±  .6 

702  ±  43 

3.  r  JA,  5  mg./d.;  5  d. 

258  ±7 

264  ±11 

9.4±  .4 

678  ±77 

16. 3±  .8 

809  ±32 

4.  C  ..rtisone  acetate,  5  mg./d.;  5  d. 

5.  C  .rticoeterone,  5  mg./d.;  5  d.  plus 

C  .rtisone  acetate,  5  mg./d.;  5  d. 

255  ±9 

227  ±9 

13. 5±  .6 

445  ±20 

252  ±9 

219±8 

9.7±  .3 

322  ±71 

12.1±  .3 

404  ±17 

*  Milliequivalents  perborate  decomposed  per  gm.  liver, 
lifference  in  catalase  activity  in  group  1  and  group  2:  significent  P  =  .05 

Difference  in  catalase  activity  in  group  1  and  group  3:  not  significaut  P  =  >.5 

Difference  in  catalase  activity  in  group  1  and  group  4:  significant  P  »  <.01 
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the  rats  in  the  other  group  were  injected  daily  for  o  days  with  0.2  cc  of  he 
v'ehicle  in  which  hydrocortisone  was  .suspended  (Aqueous  Vehicle  1, 
Merck).  Data  (body  weight,  organ  weights,  catalase  activity)  from  he 
two  groups  did  not  differ  and  are  therefore  reported  together.  The  hyd  o- 
corti.sone  treated  animals  of  Group  2  exhibit  a  reduced  catala.se  activitx  in 
confirmation  of  our  previous  observation  (1).  However,  when  DCA,  wh  eh 
by  itself  exerts  no  significant  effect  (Table  2,  Group  3;  Table  3,  Group  1), 
is  given  concurrently  with  hydrocortisone  acetate  the  action  of  the  lat  er 
toward  catalase  activity  is  abolished  (Group  4). 


Table  3.  Effect  of  hydrocortisone  acetate  and  DCA  on  liver  catalase  activitv 

IN  MALE  rats 


No. 

of 

rats 

Body 

weight 

Liver 

Spleen 

Adrenal 

Catala 

Initial 

Terminal 

weight 

weight 

weight 

aetivity* 

glli. 

gill. 

glll> 

mg. 

mg. 

1.  None 

12 

375  ±6 

.395  ±  6 

12. 6±  .4 

757  ±  23 

22. 6±  .4 

829  ±  19 

2.  Hydrocortisone  acetAt^, 

5  mit.  d.;  5  d. 

6 

393  ±  5 

381  ±7 

11. 6±  .2 

626  ±  29 

19. 2±  .7 

673  ±  28 

3.  DCA.  2.5  mg.  d.;  5  d. 

4.  DCA,  2.5mg.  M.:5d.  plus 

7 

387  ±7 

399  ±7 

11.4±  .4 

810  ±  .39 

20. 2±  .5 

878+18 

hydrocortisone  acetate, 

5  mg./d.;  5  d. 

7 

.394  ±  7 

.393  ±7 

11. 6±  .4 

700  ±  35 

17. 6±  .5 

806  ±  22 

*  Mill'.equivalents  perborate  decomposed  per  ein.  liver. 

Difference  in  catalase  activity  in  group  1  and  group  2:  significant  P  =  <.01 

Difference  in  catalase  activitv  in  group  1  and  group  3:  not  significant  P  *  .1 

Difference  in  catalase  activity  in  group  1  and  group  4;  not  significant  P  =  >.5 


Gaebler  and  Mathies  (12)  have  reported  liver  catalase  activity  to  be  in¬ 
creased  2  to  3  fold  in  female  rats  following  hypophysectomy.  Small  doses 
of  growth  hormone  which  produced  almost  as  much  gain  in  weight  as 
occurred  in  normal  controls  did  not  low'er  the  high  catalase  lev^el  of  the 
operated  animals.  Catala.se  activity  was,  however,  restored  to  normal  with 
doses  of  growth  hormone  tw’enty  times  as  large  as  the  dose  effective  in  pro¬ 
ducing  gain  in  body  w'eight.  We  have  had  the  opportunity  to  study  catalase 
activity  in  male  rats  following  hypophy.sectomy.  The  liver  catala.se  activ¬ 
ity  of  9  rats  170  days  following  hypophysectomy  was  (871  m.eq.)  signifi¬ 
cantly  (P<.05)  higher  than  in  unoperated  control  animals  (755  m.eq  ). 
This  agrees  in  general  with  Gaebler  and  Mathies  but  the  magnitude  of 
change  is  much  less  in  our  experiment.  The  time  factor  may  account  for  the 
difference.  Their  animals  were  studied  about  35  days  following  hypoph¬ 
ysectomy. 


DISCUSSION 

The  endocrine  regulation  of  catala.se  activity  is  a  complex  mechanis  n 
and  pre.sent  knowledge  is  in.sufficient  to  allow  a  preci.se  description  to  i  e 
made.  Nonetheless,  it  is  interesting  to  .speculate  whether  or  not  the  varioi  .s 
hormonal  factors  studied  have  a  common  ba.sis  for  their  effect  on  catala  e 
activity.  After  consideration  of  the  available  evidence  we  have  made  tl  e 
tentative  assumption  that  the  adrenal  steroids  are  the  principal  hormon  1 
entities  influencing  the  action  of  this  enzyme  in  the  rat.  In  this  paper  ev  - 
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(U  loe  is  presented  which  indicates  that  the  ratio  of  mineralocorticoids  to 
gl  cocorticoids  may  l)e  of  more  importance  in  this  respect  than  the  alisolute 
qi  mtities  of  either. 

)n  the  as.sumption  stated  almce,  it  follows  that  the  increased  catalase 
a(  ivit}’  seen  after  hypophysectomy  might  be  due  to  an  imbalance  of 
a(!  enocortical  hormones.  That  a  shift  toward  a  preponderance  of  mineralo- 
c(  ticoids  in  the  adrenal  secretion  of  the  rat  occurs,  following  hypophy- 
se  tomy,  has  been  demonstratetl  by  Singer  and  Stack-Dune  (6). 

Another  line  of  evidence  that  fits  this  hypothesis  is  from  the  work  of 
B'  gg  et  al.  (2).  They  demon.strated  a  20%  reduction  of  liver  catalase  activ- 
it'  in  male  rats  treated  with  diethylstilbestrol.  It  is  known  that  estrogens 
ca  ise  stimulation  of  the  adrenal  cortex  via  an  increased  release  of  ACTH 
(11).  There  is  also  evidence  that  the  pattern  of  adrenal  cortical  secretion 
in  response  to  ACTH  may  be  modified  by  sex  hormones  (7).  In  this  indirect 
way  the  corticoids  may  be  responsible  for  the  catalase  depression  seen  in 
estrogen  treated  rats.  The  lower  catalase  activity  in  female  rats  as  com¬ 
pared  to  that  of  males  (14,  15,  1)  might  be  explained  in  a  similar  manner. 

If  the  hypothesis  that  the  adrenocortical  hormones  are  the  principal 
factors  in  catalase  regulation  is  to  hold,  it  must  also  explain  the  seemingly 
paradoxical  situation  wherein  exogenous  cortisone  and  hydrocortisone 
cause  a  marked  reduction  of  catalase  activity  while  administration  of 
.ACTH  or  adrenalectomy  produce  no  ob.servable  change.  .Although  ACTH 
administration  increases  the  total  secretion  rate  of  adrenal  .steroids,  the 
relative  amounts  of  the  various  steroids  may  not  change  (8).  The  injec¬ 
tion  of  corticoids  does,  however,  abruptly  modify  the  quantitative  relation¬ 
ship  between  the  various  circulating  adrenocortical  steroids.  From  the 
data  of  the  pre.sent  investigation  it  appears  that  an  ov^er  balancing  of  this 
relationship  in  favor  of  corticosterone  or  DCA  has  no  serious  effect  on 
catalase  but  that  a  relative  excess  of  hydrocortisone  (or  cortisone)  pro¬ 
foundly  depresses  the  activity  of  this  enzyme  and  that  this  depression  can 
he  prevented  with  DCA  but  not  with  corticosterone.  It  is  quite  possible 
that  ACTH  fails  to  modify  catalase  activity  becau.se,  under  its  influence, 
the  various  components  of  the  adrenocortical  .secretion  are  increased  in 
such  a  manner  that  a  preponderance  of  catalase-depre.ssing  steroids  does 
not  occur. 

The  concept  of  hormonal  balance  as  an  important  factor  in  the  influence 
0^  hormones  on  enzymes  is  not  new.  The  hormonal  regulation  of  hexokinase 
i^  an  outstanding  example.  Insulin  on  the  one  hand  and  growth  hormone 
a  id  ll-oxycorticosteroids  on  the  other  have  a  competitive  action  on  this 
c  izyme,  the  latter  inhibiting  the  reaction  catalyzed  by  hexokina.se  and  the 
f»rmer  overcoming  this  inhibition.  Evidence  is  accumulating  to  indicate 
t  lat  the  control  of  hexokinase  activity  is  primarily  dependent  on  the  ratio 
<  '  pituitary-adrenal  to  insulin  activity,  rather  than  on  the  absolute 
1  nounts  of  either  hormone.  In  the  ab.sence  of  all  three,  carbohydrate  utili- 
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zation  (as  an  index  of  hexokinase  activity)  may  be  almost  normal  (16).  Tl.  s 
normalcy  of  enzyme  function  in  the  absence  of  the  competitiv^e  forces  m:  y 
be  the  reason  adrenalectomy  fails  to  modifj'  catalase  activity.  It  is  ih- 
teresting  to  note  here  that  cortisone  produces  a  depression  of  catalase  ev(  ii 
in  adrenalectomized  rats  (2). 
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LOCAL  EFFECTS  OF  OVARY  OX  UTERUS  AFTER 
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PLANTATION  IN  CASTRATED  RATS 
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ABSTRACT 

The  main  question  for  this  investigation  was  whether  the  hypertrophic  ovary 
which  results  from  intrasplenic  transplantation  in  castrated  rats  is  really  also 
strongly  functional.  A  secondary  question  was  whether  an  endocrine  organ  can 
have  an  effect  on  a  neighboring  target  organ  without  benefit  of  the  systemic 
circulation  as  a  connecting  link.  Specifically,  if  a  j)iece  of  uterus  be  placed  in 
the  spleen  of  a  castrated  animal  together  with  functioning  ovary,  will  the 
splenic  uterus  be  stimulated?  A  total  of  38  immature  female  rats  and  7  adult 
females  were  employed.  In  10  of  the  former  at  the  time  of  castration  a  picee  of 
ovary  and  a  segment  of  the  uterus  were  implanted  in  the  spleen.  Thirty  days 
later  the  splenic  uteri  were  greatly  enlarged,  by  contrast  with  the  nearly  atro¬ 
phic  uteri  in  situ.  The  difference  in  weight  was  highly  significant  (P  <0.001). 
Histologic  evidence  of  estrogenic  stimulation  was  also  apparent  in  the  splenic 
uterus.  On  the  contrary,  when  the  ovarian  graft  was  placed  in  the  root  of  the 
mesentery,  uterine  grafts  in  the  spleen  were  unaffected.  In  the  absence  of  an 
ovarian  graft,  splenic  grafts  of  uterus  were  again  no  different  in  weight  than  the 
uteri  in  situ. 

To  test  the  possible  effect  of  distance  separating  ovary  and  target  organ 
within  the  substance  of  the  spleen,  adult  females  were  chosen  because  of  their 
greater  splenic  volume.  .\t  castration  the  ovarian  fragment  was  inserted  in  one 
l)ole  of  the  organ  and  the  uterine  fragment  in  the  other,  to  insure  against  a 
direct  vascular  link  through  an  intervening  scar.  Thirty  days  later  the  splenic 
uterus  remained  almost  as  heavy  as  corresponding  portions  removed  at  the 
time  of  operation,  while  portions  remaining  in  situ  were  significantly  reduced 
in  weight  (P  <0.05).  Therefore,  it  is  evident  that  the  rapidly  growing  ovarian 
ti.ssue  in  the  spleen  of  castrated  rats  is  not  only  strongly  active  but  its  effect 
can  be  exerted  at  a  considerable  distance  through  intact  splenic  pulp. 

IT  IS  well  known  that  ovaries  implanted  in  the  spleen  of  castrated  rats 
grow  rapidly  beyond  the  normal  size  (1,  2)  showing  follicles  and,  espe¬ 
cially,  large  corpora  lutea  in  increasing  number  (2).  Similar  results  were 
observed  in  guinea  pigs  (3) ;  details  in  which  they  differ  from  rats  have  been 
described  (3,  4,  5,  6)  with  respect  both  to  the  ovarian  grafts  and  to  effects 
>n  the  reproductive  tracts.  In  rats  enlargement  of  the  intrasplenic  ovaries 
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was  observed  in  company  with  absence  of  periodic  cornification  of  t  le 
vagina  and  with  progressive  atrophy  of  the  vagina  and  uterus  during  t  le 
first  several  months  (2).  It  has  been  concluded  that  an  inactivation  of  esti  o- 
gens  produced  by  the  intrasplenic  ovary  takes  place  in  the  liver.  Thi>  is 
supported  by  the  fact  that  animals  with  injured  liver  parenchyma,  for  n- 
stance  in  vitamin  B  deficiency  (7)  or  after  treatment  with  carbon  tetia- 
chloride  (8,  9),  lose  the  ability  to  inactivate  estrogens.  As  a  consequence  of 
the  inactivation  there  is  lo.ss  of  control  of  release  of  gonadotropins  from 
the  pituitary  gland.  Their  increa.sed  rate  of  secretion  brings  about  a  raiiid 
growth  of  the  ovarian  grafts.  Histologically  these  appear  to  be  hyperacti'.  e, 

Tabi.k  1.  Composition  ok  the  varioi  s  oropps 


Site  of: 


Iroup 

Age 

group 

Castrated 
or  normal 

Transplanted 

ovary 

Transplanted 
uterine  segment 

Number 
of  rats 

I 

Immature 

Castrated 

Caudal  pole 
of  spleen 

Caudal  pole 
of  spleen 

10 

II 

Immature 

Castrated 

.  -  _  . 

Caudal  pole 
of  spleen 

8 

III 

Immature 

Castrated 

Hoot  of 
me.sentery 

('audal  pole 
of  spleen 

0 

IV 

Immature 

Cast  rated 

8 

c; 

Immature 

Normal 

. 

1) 

V 

Adult 

Castrated 

Cephalic  pole 
of  spleen 

Caudal  pole 
of  spleen 

7 

yet  the  fact  that  the  liver  inactivates  estrogens  makes  it  impossible  to  rec¬ 
ognize  their  effects  by  ob.servation  of  the  usual  target  organs.  Kullandcr 
(10)  demonstrated  that  vaginal  tissue  implanted  in  the  spleen  of  castrated 
rats  together  with  ovarian  tissue  shows  .some  histological  effects  of  the 
ovarian  hormones  which  cannot  be  recognized  in  the  vagina  in  situ.  This 
approach  thus  seems  to  afford  a  means  of  estimating  the  extent  of  activity 
of  the  spleen-grafted  ovary,  especially  if  quantitative  methods  are  used. 

In  the  experiments  described  below,  the  uterus  was  chosen  as  target 
tissue  because  it  is  not  only  histologically  a  good  indicator  but  it  is  also 
well  .suited  by  its  physical  characteristics  for  weighing  procedures.  As  the 
experiments  progressed,  a  .secondary  question  aro.se:  When  an  influence  on 
the  target  ti.ssue  takes  place,  is  this  dependent  on  the  di.stance  betweeii 
both  grafts  and  on  the  character  of  the  intervening  ho.st  tissue? 

MATERIALS  AND  METHODS 

The  animals  used  in  this  study  were  female  rats,  3S  immature  and  7  adult,  belonf^iiu 
to  an  inbred  line  of  the  Osborne-Mendel  strain.  The  immature  rats  were  3S-40  days  ol  ' 
and  weighed  85-90  gm.  at  the  beginning  of  the  experiment.  The  vagina  was  still  close  ? 
except  in  4  cases.  The  adult  animals  were  about  180  days  of  age  and  weighed  170  t 
235  gm.  at  the  time  of  operation.  The  immature  rats  were  assorted  among  four  exper 
mental  groups  (I-IV)  and  one  control  group  (C).  The  adult  animals  formed  group  ^ 
Table  1  shows  the  distinguishing  characteristics  of  the  several  groups  of  experiment^ 

In  Groups  I-IV  laparotomy  was  jierformed  under  ether  anesthesia  when  the  animal 
were  38-40  days  old,  both  ovaries  were  removed  and,  except  in  Group  IV,  the  cejihali' 
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12  iim.  of  the  left  uterus  was  excised  for  transplantation.  In  Groups  I,  II  and  III  a  piece 
of  ne  ovary  (average  weight  5  mg.)  was  also  prepared  for  transplantation.  The  method 
of  nplanting  the  pieces  of  ovary  and  uterus  in  the  spleen  may  be  illustrated  by  the  pro- 
cc  lire  used  in  Group  1.  'I'he  instrument  for  implanting  the  ovarian  piece  is  a  slightly 
eii  cd  cannula  (length  7  cm.,  diameter  1.5  mm.)  having  an  oblique  point  and  fitted 
w  i  1  a  retractable  stylet  who.se  tip  is  bevelled  to  match  the  cannula  (11).  The  instrument 
fo  implanting  the  uterine  section  is  simply  a  slightly  curved  probe  (6  cm.  long,  1  mm. 
(li  n.)  with  a  blunt  point.  The  piece  of  ovary  was  placed  just  inside  the  oblique  orifice 
of  he  cannula  with  the  stylet  slightly  withdrawn.  With  fine  scis.sors  the  fallopian  tube 
ail  fatty  tissue  were  trimmed  from  the  segment  of  uterus,  after  which  the  probe  was 
ill'  I  ted  a  short  distance  into  the  uterine  lumen.  The  spleen  was  brought  into  the  abdom- 
in.  i  opening,  and  the  cannula  bearing  the  ovarian  fragment  was  inserted  into  the  caudal 
po  ■.  This  entrance  was  always  on  the  wall  of  the  spleen  that  faced  the  stomach.  The 
pi  lit  of  the  cannula  went  1.5-2  cm.  inside  and  then  by  pushing  the  stylet  the  ovarian 
pit- .  e  was  implanted.  .After  the  cannula  was  removed  the  uterine  segment  was  implanted 
h.\  the  probe  through  the  same  entrance.  The  spleen  was  gently  pressed  with  thumb 
am!  forefinger  to  prevent  escape  of  the  uterine  transplant  as  the  probe  was  withdrawn. 
Bci  ause  the  wound  in  the  spleen  was  so  small,  usually  with  no  bleeding,  a  suture  was 
nil  necessary.  In  the  one  case  in  which  an  adhesion  occurred,  it  was  not  connected  with 
the  abdominal  wall,  but  to  the  mesentery  root.  In  this  case  the  result  was  no  different 
than  in  the  other  animals. 

Group  V,  comprising  the  7  adult  animals,  was  treated  in  the  same  way  as  the  first 
group  except  for  2  differences:  (a)  The  ovarian  piece  and  the  uterine  .segment  were  im¬ 
planted  in  opposite  poles  of  the  spleen  using  separate  entrances.  The  ovarian  piece  was 
grafted  in  the  cephalic  pole,  whereas  the  uterine  piece  was  implanted  in  the  caudal  pole. 
Thereby  one  prevents  the  creation  of  possible  vascular  connections  between  the  two 
grafts,  (b)  During  this  operation  the  cephalic  12  mm.  of  the  right  uterus  was  removed. 
After  relaxing  it  with  alcohol  (see  below)  a  piece  7  mm.  long  was  weighed  for  later  com¬ 
parison  with  the  weight  of  the  spleen-grafted  uterus. 

Kach  animal  in  Groups  I-V  was  killed  with  pentobarbital  exactly  30  days  after  the 
operation,  and  each  one  of  the  control  group  was  killed  at  an  age  corresponding  with  the 
terminal  age  of  the  rats  in  Groups  I- IV.  Ovarian  and  uterine  grafts  and  corresponding 
jiicces  of  the  uteri  in  situ  were  removed  to  physiological  saline.  With  the  aid  of  binocular 
loupes,  the  uteri  were  cleaned  for  comparison  of  weight.  In  cases  with  distended  uteri, 
they  were  first  weighed  and  then  punctured.  .After  discharging  the  fluid  by  pressure  and 
collecting  it  for  examination,  the  tissue  of  the  graft  was  weighed  again.  The  loss  repre¬ 
sented  the  weight  of  the  fluid.  From  the  uteri  a  3  mm.  piece  was  cut  off  for  histological 
examination.  These  and  the  ovarian  grafts  (10)  were  fixed  in  Bouin  solution  and  stained 
by  a  modified  Mallory  triacid  technique  (12).  To  obtain  a  fair  comparison  of  weights 
between  the  uterine  graft  and  the  uterus  in  situ  the  following  method  was  devised.  In 
order  to  get  relaxation  of  the  uterine  musculature  95%  alcohol  was  slowly  added  by 
medicine  dropper  to  the  ph5'siological  saline  while  the  uteri  were  gentl}'  stretched,  until 
III  alcohol  concentration  of  about  80%  had  been  reached  (approximately  45  seconds). 
The  uteri  were  then  dried  on  filter  paper  and  cut  to  a  uniform  length  of  7  mm.  They 
were  weighed  individually  on  a  torsion  balance.  Relative  weights  were  expressed  as  milli- 
:tams  per  100  gm.  body  weight.  Differences  in  the  average  relative  weight  of  the  several 
'roups  were  evaluated  by  means  of  Fisher’s  “t”  test. 

RESULTS  .\XD  DISCUSSION 

In  Group  I,  30  days  after  operation  there  was  hypertrophy  of  the  intra- 
plenic  uterine  graft,  in  contrast  to  the  nearly  atrophic  uterus  m  situ.  In  4 
•ases  the  grafted  uterus  was  greatly  distended  with  a  clear  fluid  (between 


Volum  62 


GITSCH 


Ap  il,  1958 


IXTRASPLENIC  OVARY  AND  UTERUS 


395 


'  23  ind  28  mg.)  containing  a  few  leucocytes.  The  other  6  cases  appeared 

lik  normal  estrous  uteri  and  were  only  microscopically  distended  (Fig.  1). 
A1  iiough  it  is  known  that  mechanical  distention  (13,  14,  15)  will  induce  a 
lo(  il  uterine  hypertrophy  without  any  hormonal  influence,  the  fact  that 
'  th  6  rats  without  grossly  visible  distention  showed  the  same  histological 
sti  icture  as  the  others  indicates  a  true  hormonal  effect.  Histologically  the 
mt  st  impressive  fact  was  hypertrophy  of  the  myometrium,  the  combined 
re  lit  of  increased  volume  of  individual  fibers  and  of  an  increase  in  fiber 
'  nihiiber.  The  former  indicates  (16,  17)  an  influence  of  estrogen.®  Mitosis 
of  the  muscle  nuclei,®  on  the  other  hand,  is  described  as  a  progesterone 
eftoct  (18,  19).  The  endometrial  stroma  was  thinner  than  in  the  normal 
di<  >trus  stage  (Fig.  4)  and  similar  to  that  in  full  estrus.  It  was  edematous 
and  the  nuclei  more  prominent  and  vesicular.  The  thin  stroma  (20,  21,  22) 
and  the  edema  (23)  indicate  an  estrogen  influence,  whereas  the  nuclear 
characteristics  indicate  progesterone  activity  (23).®  The  epithelium  was 
frc(i[uently  destroyed  by  distention  (Fig.  1)  and,  therefore,  could  not  con¬ 
sistently  be  u.sed  as  an  indicator.  In  all  usable  cases  it  consisted  of  tall 
columnar  cells  with  basally  located  nuclei.  A  considerable  number  of 
mitoses  were  visible.  This  also  can  be  attributed  to  ovarian  hormone  influ¬ 
ence. 

The  uteri  in  situ  appeared  atrophic  macroscopically.  Their  average  rela¬ 
tive  weight  (av.  rel.  wt.)  is  significantly  lower  than  that  of  the  intrasplenic 
uteri  (Table  2).  Figure  2  is  an  example  of  the  uterus  in  situ  in  Group  I. 
The  difference  between  this  and  the  well-known  atrophic  uterus  (Fig.  3)  in 
castrated  rats  is  that  the  endometrium  is  here  a  little  thicker,  and  the 
stromal  nuclei  are  not  as  pycnotic  as  in  the  endometrium  of  castrates 
(Figs.  2  and  3).  Furthermore,  the  lumen  is  not  as  slit-shaped  as  in  castrates. 
Thus,  it  appears  that  the  uterus  in  situ  is  under  a  slight  hormonal  influ- 
I  ence,  chiefly  from  progesterone  (10,  24,  25,  26). 

The  reported  differences  in  Group  I  demonstrate  that  under  direct  influ¬ 
ence  of  ovarian  ti.ssue  a  nearby  graft  of  uterus  shows  consequences  of  both 
ovarian  hormones.  It  is  important  to  emphasize  that,  although  the  ovaries 

’  These  histological  interpretations  are  necessarily  in  terms  of  the  known  reactivitj' 
of  uteri  in  situ.  Firm  conclusions  must  await  studies  of  the  reactivity  of  intrasplenic  uteri 
in  castrates  treated  with  sex  steroids. 

-< 

Sections  of  uteri  in  comparable  magnifications  (180X).  Arrow  points  limit  inner 
h  undary  of  muscularis. 

Fig.  1.  Intrasplenic  uterus  from  animal  also  bearing  intrasplenic  ovarj’.  Tall  epi- 
t'  elium,  thin  endometrial  stroma  and  heavy  muscularis. 

Fig.  2.  Uterus  in  situ  from  same  animal  as  in  Figure  1.  Lower  epithelium,  thicker 
e  dometrial  stroma  and  thin  muscularis. 

Fig.  3.  Uterus  in  situ  from  a  castrated  rat.  Atrophic  epithelium,  compact  endometrial 
si  ’  oma,  thin  muscularis. 

Fig.  4.  Uterine  wall  from  normal  cycling  rat  in  diestrus. 
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TaBLK  2.  C'*»MI>ARISO\  t»K  RKLATIVK  WKIOHTS  OK  t'TKRI 


•No.  of 
animals 

.\vcragc  bixly 

Uterine  segment 

( iro  ip 

weight  ill  gm. 
(terminal) 

Iden¬ 

tity 

.\o. 

.\verag<‘  rel.  weight* 
in  mg.  ±  S.K.M. 

1 

1> 

SC 

10 

8.48±().5 

I 

10 

174.0 

HU 

10 

3.10  ±0.00 

5.15 

<0.00 

SC 

8 

2.27  ±0.00 

II 

8 

170.0 

HU 

8 

2.28  ±0.00 

0.00 

>0.00 

SC 

6 

2.35  ±0.05 

III 

l> 

170.0 

HU 

6 

2.30  ±0.05 

0.02 

>0.00 

bU 

8 

2.. 58  ±0.07 

IV 

8 

157.0 

HU 

8 

2.00  ±0.04 

0.03 

>0.00 

HU 

() 

0.00  ±0.47 

C 

(i 

KiO.O 

I.U 

t) 

7.00  ±0.58 

0.05 

>0.00 

I 

10 

174.0 

HU 

10 

3. 10  ±0.00 

0.770 

>0.40 

IV 

8 

157.0 

HU 

8 

2.00  ±0.04 

I 

10 

174.0 

SC 

10 

8.48±0.5 

1  .815 

>0.05 

C 

6 

ItiO.O 

HU 

() 

0.00  ±0.47 

<0.10 

SC 

_  __ 

5.81  ±o.:io 

V 

t 

224.0 

HU 

7 

2.57  ±0.05 

2.20 

<0.05 

*  Weight  of  iitandarciized  7  mm.  segments  of  rela.xed  uterus  in  mg.  / 100  gm.  l)ody  weight. 
S.K.M.  =standard  error  of  the  mean. 

(Iroup  I-  Castrated  immature  female  rats  with  ovary  and  uterus  in  spleen. 

(Iroup  II — Castrated  immature  female  rats  with  only  uterus  in  spleen. 

(iroup  Ill  Castrated  immature  female  rats  with  ovary  in  the  mesentery  and  uterus  in 
spleen. 

(iroup  IV  -Castrated  immature  rats. 

(iroup  C — Intact  immature  rats. 

(irouj)  V — .\dult  castrated  female  rats;  ovary  and  uterus  in  opposite  j)oles  of  the  spleen. 
S(i — spleen-grafted  uterine  segment. 

HU — tubal  end  of  the  right  uterus  (in  gitu). 

LU — tubal  end  of  the  left  uterus  (in  situ). 


at  30  (lays  after  intrasplenic  transplantation  are  almost  completely  made 
up  of  luteal  tissue  (24,  27),  the  intrasplenic  uteri  show  distinct  effects  in¬ 
dicative  of  estrogen.  In  the  4  ovarian  grafts  of  rats  with  distended  uteri 
there  were  follicles  of  all  sizes  including  a  few  larger  than  0.4  mm.  (2,  2S, 
29).  But  even  in  these  luteinization  was  beginning,  evidence  that  tie 
number  of  corpora  lutea  was  continually  increa.sing.  The  older  corpoi  i 
lutea  were  somewhat  compressed  (24)  by  the  newly  luteinizing  follicle  . 
It  is  evident  that  the  ovarian  grafts  were  being  stimulated  by  both  FSi' 
and  LH,  and  the  progesterone  effects  imply  stimulation  by  luteotropii 
Group  V  was  planned  to  find  what  would  happen  if  the  intraspleni 
uterus  and  ovary  are  implanted  in  widely  .separated  sites  without  possibl 
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(‘  tinectioii  by  newly  created  blood  vessels.  A  pronounced  effect  on  the 
u  erus  was  ob.served  in  all  cases.  The  av.  rel.  wt.  of  the  right  uterine  piece 
a  the  beginning  of  the  experiment  was  6.17  ±0.12  mg.  and  that  of  the 
ii  ,rasplenic  uterine  transplant  at  the  end  of  the  experiment  was  5.81  ±0.39 
n  There  was  no  .significant  difference  (t  =0.3;  P>0.70).  By  contrast,  the 
u  erus  remaining  in  sHn  proved  to  be  .significantly  smaller  than  that  in 
ti  e  spleen  (Table  2).  Although  this  difference  is  le.ss  extreme  than  in 
(•■oup  I,  it  must  be  realized  that  the  animals  in  Group  V  were  adult  to 
hrgin  with.  Therefore,  the  two  groups  cannot  fairly  be  compared.  It  is 
p!)s.sible  that  the  increa.sed  distance  between  the  grafts  in  Group  V  may 
h.  ve  had  a  limited  influence.  Histologically,  however,  the  spleen-grafted 
u  eri  in  the  adult  animals  were  not  greatly  different  from  those  in  imma¬ 
ture  rats  in  Group  I,  except  that  the  hypertrophy  of  the  myometrium  was 
not  as  impres.sive  in  the  former.  For  definite  information  on  the  relation 
between  distance  and  degree  of  hormonal  influence  the  reported  results  are 
insufficient.  Further  investigation  will  be  needed  to  establish  quantitative 
effects  of  distance  and  of  the  histological  character  of  intervening  tissues. 
The  important  fact  for  the  pre.sent  is  that  the  uterus  placed  in  the  opposite 
pole  of  the  spleen  20  to  25  mm.  away  from  the  ovary  was  nevertheless 
.stimulated. 

In  Group  II,  castrated  animals  with  splenic  grafts  of  uterus  alone,  and  in 
(iroup  III,  with  ovary  in  the  mesentery  and  uterus  in  the  spleen,  there 
were  no  significant  differences  in  av.  rel.  wt.  of  the  uteri  in  the  spleen  and 
of  those  in  situ  (Table  2).  Although  ovarian  tLs.sue  in  the  me.sentery  under¬ 
goes  the  same  changes  as  in  intrasplenic  ovaries,  there  was  no  comparable 
influence  on  the  intrasplenic  uterus  as  in  Group  I.  The  reason  is  obviously 
that  the  ovarian  hormones  pass  directly  to  the  liver.  Furthermore,  in 
(Iroup  IV  (castrates)  and  in  Group  C  (intact  rats)  there  were  no  statLstical 
differences  between  weights  of  right  and  left  uteri  (Table  2).  Histologically, 
in  Groups  II  and  IV  the  uterus  in  situ  was  typically  small  and  its  lumen 
was  slit-shaped  (20).  A  few  leucocytes  were  present  in  the  atrophic  epi- 
tlielium  and  stroma,  and  the  glands  were  collapsed  and  atrophic  (Fig.  3). 
In  the  intrasplenic  uteri  of  Group  II  there  was  only  one  difference  from 
uteri  of  castrated  rats,  namely,  a  little  more  evident  leucocytic  infiltration 
of  the  subepithelial  connective  tissue.  In  Group  III  there  was  no  histologi¬ 
cal  difference  between  uteri  in  the  spleen  and  in  situ.  Both  were  like  the 
uterus  in  situ  of  Group  I. 

In  comparing  the  av.  rel.  wt.  of  the  uteri  in  situ  of  Groups  I  and  IV  there 
i'  no  significant  difference  (Table  2).  On  the  other  hand,  the  av.  rel.  wt.  of 
■he  grafted  uteri  of  Group  I  is  comparable  with  the  uteri  of  the  intact  rats 
!  f  Group  C,  the  difference  being  of  no  statistical  .significance.  This  means 
’  iiat  the  intrasplenic  uterus  is  under  the  direct  influence  of  the  intrasplenic 
ovarian  ti.ssue  and  able  to  grow  and  to  develop,  whereas  the  uterus  in  situ 
emains  underdeveloped  and  looks  atrophic.  Although  the  atrophy  is  not 
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qualitatively  as  extreme  as  in  castrated  animals  (10,  24),  the  weight  difl'c  - 
ence  between  both  uteri  is  not  significant  (Table  2). 

Opening  of  the  vagina  was  delayed  in  the  animals  with  intrasplen  ’ 
ovaries  and  in  the  simple  castrates.  In  both  Groups  I  and  IV  the  vagii  i 
opened  on  the  average  19  days  after  operation.  This  figure  can  be  only  aj  - 
proximate  because  in  each  group  3  animals  remained  closed  throughout  tl  * 
experiment.  In  the  rats  of  Group  C,  by  contrast,  the  vaginas  opened  ('  i 
the  average  .5  days  after  the  operations  were  performed  on  their  littf  r 
mates.  The  age  of  the  animals  accounts  for  the  fact  that  it  was  usuall/ 
possible  only  to  delay,  but  not  to  prevent  opening  of  the  vagina  ))y  the 
operation. 

The  results  in  Groups  I  and  V  give  certain  proof  of  direct  hormonal  in¬ 
fluence  of  ovarian  tissue  on  a  target  tissue  grafted  nearby.  This  confirmed 
statements  by  Kullander  (10),  who  found  that  the  spleen-grafted  vagina 
reacted  differently  from  the  vagina  in  situ  when  ovarian  tissue  was  grafted 
into  the  spleen  in  castrated  rats.  He  presented  photomicrographs  which 
show  the  difference  very  clearly.  The  vaginal  mucosa  of  the  intrasplenic 
pieces  was  found  degenerated  into  cysts  which  were  not  present  in  tlu‘ 
intact  vagina.  Furthermore,  the  cysts  were  larger  in  the  animals  with  intra¬ 
splenic  ovarian  tissue  than  in  intact  or  castrated  animals.  Certain  other 
studies  have  shown  that  ovarian  hormones  can  exert  their  effects  not  only 
via  the  general  circulation,  but  also  by  diffusion  in  certain  circumstances. 
Lyons  and  Templeton  (30)  found  that  small  amounts  of  estrogens  applied 
in  the  vagina  cause  local  effects  without  passing  through  the  systemic  cir¬ 
culation.  Similar  local  effects  on  the  uterus  w'ere  reported  by  Grumbrecht 
and  Loeser  (31,  32).  These  authors  also  proved  that  estrogens  have  the 
same  effect  on  .surviving  uterine  tis.sue  in  vitro,  which  was  demonstrated 
to  be  qualitatively  the  same  as  in  vivo.  The  result  in  Group  V  of  the  present 
experiment  shows  that  with  a  great  distance  between  both  grafts  and  with 
no  injury  to  the  intervening  splenic  pulp  the  hormonal  influence  will  not 
be  lost.  The  effect  is  not  produced,  therefore,  by  newly  formed  vascular 
links  through  scar  tissue,  as  might  have  been  supposed  from  the  experi¬ 
ments  of  Group  I. 

Not  only  is  there  evidence  that  the  intrasplenic  uteri  were  stimulated 
by  both  estrogen  and  progesterone  from  the  hypertrophic  intrasplenit 
ovaries,  but  it  is  also  noteworthy  that  the  uterus  in  situ  in  Group  I  showei! 
minor  histological  effects  of  progesterone.  This  is  in  accord  with  reports  b} 
Kullander  (10)  and  Waidl  (24).  To  be  sure,  there  is  evidence  that  the  liver 
has  some  ability  to  inactivate  progesterone  (33,  34).  The  present  observa 
tions  do  not  deny  this.  They  merely  show’  that  a  moderate  amount  of 
progesterone  is  present  in  the  systemic  circulation.  Perhaps  a  reflectioii 
of  this  fact  was  a  mucification  in  the  vaginal  smears  in  all  cases  with  opei. 
vagina  among  animals  bearing  splenic  or  mesenteric  ovarian  grafts.  This  i:- 
in  agreement  with  other  authors  (10,  24). 
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INFLUEX(’E  OF  THE  AXTIC'HOLIXERGK^  DRUC; 
PATHILOX  OX  THE  REPRODUCTIVE  C'YCLE 
OF  THE  FEMALE  RAT^ 

EDUARD  OITSCH^''  and  JOHN  W.  EVERETT 

Department  of  Anatomy,  Duke  University  Sehool  of  Medicine, 

Durham,  \orth  Carolina 

ABSTRACT 

A  new  {intieholinei>;ie  druK.  IJ-diethylamino-l-eyclohexyl-l-phenyl-l-ethi- 
odide  (Pathilon,  Lederle),  was  tested  for  its  eapaeity  to  block  ovulation  in  rats. 
Thirty  adult  females  were  injected  with  the  drug  (25,  50  or  75  mg.  kg.  body  wt., 
s.c.)  before  the  “critical  period”  on  the  day  of  proestrus.  The  higher  doses 
blocked  ovulation  in  70%  and  95%  of  the  cases,  repsectively.  Five  of  0  animals 
injected  after  the  critical  period  with  75  mg. /kg.  ovulated  normally.  In  16  rats 
kept  for  later  observation  there  was  prolongation  of  diestrus  (12-16  days)  after 
postponed  or  normal  ovulation;  11  were  pseudopregnant,  as  jrroven  by  decid- 
uoma  formation. 

Kflfects  of  administration  during  diestrus  were  e.xamined  in  40  rats  by  inject¬ 
ing  a  single  do.se  (50  mg./kg.)  on  diestrus  days  1,  2  or  3.  There  was  often  an 
effect  on  the  immediate  cycle,  either  ])rolungation  of  the  current  diestrus  (21 
rats,  10  j)seudopregnant)  or  prolonged  estrus  with  delayed  ovulation  (6  rats). 

In  10  rats  prolongation  of  diestrus  followed  normal  or  delayed  ovulation;  j)seu- 
dopregnancy  was  demonstrated  in  8.  Indications  of  F8H  and  LH  deficiencies 
were  seen  in  the  histology  of  ovaries  removed  during  prolonged  die.strus,  espe¬ 
cially  when  the  decidual  test  was  negative.  Corpora  lutea  were  well  developed 
in  the  pseudojjregnant  animals  and  markedly  defective  where  the  decidual 
reaction  had  failed. 

SEVERAL  reports  from  this  laboratory  have  described  experiments  in 
which  certain  drugs  were  used  successfully  to  prevent  spontaneou.'' 
ovulation  in  rats.  From  this  kind  of  investigation  it  was  concluded  that 
the  relea.se  of  the  gonadotropic  hormones,  especially  LH,  is  dependent  on 
the  hypothalamus  and  a  neurohumoral  link  to  the  pituitary  gland.  Adren¬ 
ergic-blocking  agents  of  the  /3-haloalkylamine  .series  as  well  as  anticholin¬ 
ergic  substances  like  atropine  (1,  2)  are  able  to  block  the  ovulation  mech¬ 
anism,  provided  that  the.se  drugs  are  giv^en  before  the  “critical  period”  on 
the  day  of  proestrus  (3).  It  was  shown  that  the  hypophysial  activation  i.' 
highly  predictable  in  the  local  colony  with  respect  to  time  of  day,  taking 
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pi  ce  within  a  restricted  interval  (2  to  4  f.m.)  during  the  afternoon  of  pro- 
es  us  (2,  li).  Moreov'er,  l)oth  I)il)enainine  and  atropine  will  prevent  estro- 
g(  i-induced  (4)  and  progesterone-induced  ovulation  in  rats  (o),  whereas 
i.(  ther  substance  prevents  ovulation  after  injection  of  sheep  hypophysial 
L  1.  In  rabbits,  the  antiadrenergic  agents  of  the  Dibenamine  series  (O)  and 
tl  anticholinergic  drugs  atropine  and  Banthine  (7)  are  able  to  prevent 
tl, '  postcopulatory  ovulation.  In  the  hen,  the  blockade  of  ovulation,  nor- 
m  1  or  prematurely  induced  by  progesterone,  has  been  reported  after  ad- 
ni  .listration  of  Dibenamine,  Dibenzyline,  SKF-oOl  and  atropine  (8,  t),  10). 

)lder  investigations  with  epinephrine  and  pilocarpine  in  long-period 
ti‘  atment  (11,  12,  13)  in  rodents  demonstrated  inf.uences  of  neurovegeta- 
ti  cly  effective  substances  on  ovarian  function.  Swingle  rt  ol.  (14)  noted 
tli  ‘  occurrence  of  pseudopregnancy  in  rats  after  epinephrine  injections. 
Niirdmeyer  (lo)  and  Willig  (1(>),  in  accord  with  Emanuel  (13),  reported  a 
shortening  of  the  cycle  interval  in  mice  after  pilocarpine  and  apomorphine 
and  a  prolongation  after  atropine  administration. 

Besides  the.se  drugs  that  act  on  the  autonomic  nervous  system,  deriva¬ 
tives  of  barbituric  acid  have  been  especially  effective  on  the  female  repro¬ 
ductive  cycle.  Westman  (17)  ob.served  that  female  rats  injected  twice  daily 
with  Prominal  for  3  weeks  exhibited  irregular  vaginal  cycles.  In  .several 
of  the  animals  a  persistent  full  cornification  was  ob.served  throughout  the 
period  of  treatment.  Several  others  showed  a  prolongation  of  diestrus  or  a 
complete  ces.sation  of  the  cycle.  It  is  po.s.sible  that  West  man’s  persistent- 
estrus  group  corresponds  with  animals  reported  by  Everett  and  Sawyer 
(3)  which  demonstrated  that  pentobarbital  will  prevent  the  ovulatory 
activation  of  the  hypophysis  when  administered  at  2  p.m.  during  proestrus. 
Persistence  of  graafian  follicles  for  2  to  3  days  re.sults  when  pentobarbital 
freatment  is  repeated  on  .succe.ssive  afternoons  at  the  .same  critical  hour. 
.\lso  in  agreement  with  Westman,  Gitsch  (18)  observed  in  some  animals  a 
prolongation  of  the  proestrus  .stage,  and  Ddring  and  Goz  (19)  ob.served 
jx'rsistent  vaginal  cornification  in  a  number  of  animals,  especially  if  the 
tieatment  started  during  proestrus.  Possibly  related  to  Westman’s  pro- 
longed-diestrus  and  anestrus  groups  were  rats  which  showed  a  prolonga¬ 
tion  of  the  cycle  interval  while  receiving  daily  injections  of  Pentothal  (18) 
or  phenobarbital  (19). 

From  the  reported  investigations,  especially  tho.se  of  Everett  and  Sawyer 
(3),  it  is  clear  that  the  different  effects  (prolongation  of  diestrus,  proestrus 

<  r  estrus)  obtained  with  the  .same  .substance  depend  on  the  timing  of  ad¬ 
ministration  with  respect  to  .stage  of  the  cycle  and  time  of  day.  Such  had 

<  heady  been  demonstrated  (20)  by  the  fact  that  whereas  progesterone  sup- 
'•resses  ovulation  when  its  injection  is  begun  early  in  diestrus,  it  facilitates 
fvulation  if  injected  when  e.strogen  levels  are  elevated.  Such  facilitation, 
a  turn,  depends  on  the  time  of  day  (5)  at  which  progesterone  i.s  injected. 

A  new  anticholinergic  drug,  3-diethylamino-l-cyclohexyl-l-phenyl-l- 
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ethiodide  (Pathilon,  Lederle),  has  recently  become  available.  This  i.-  a 
quaternary  salt  more  potent  than  Banthine,  apparently  longer  acting,  a  kI 
with  a  wider  therapeutic  margin.  We  were  interested  to  learn  whether  ti.is 
drug  would  have  any  effect  on  the  ovulatory  mechanism  comparable  wi  h 
atropine  or  Banthine.  Furthermore,  it  was  of  interest  to  find  what  effect'  it 
might  have  on  the  cycle  when  given  in  single  injection  on  one  or  another 
day  of  diestrus. 


MATERIALS  AND  METHODS 

Mature  female  albino  rats  of  the  locally  inbred  Vanderbilt  (Osborne-Mendel)  strain 
were  maintained  in  a  room  which  was  temperature-controlled  and  artificially  illumi¬ 
nated,  receiving  14  hours  of  light  per  day  (3,  21).  We  used  both  4-day  and  .5-day  cyc  lie 
rats  of  a  weight  from  200-240  gm.  A  history  of  at  least  3  uniform  cycles  in  seepience 
immediately  preceding  the  experimental  cycle  was  required  of  each  rat.  It  was  previously 
stated  (3)  that  the  regularity  of  cycles  in  this  .stock  is  such  that  under  these  circum¬ 
stances  there  is  a  probability  of  93%  that  the  next  cycle  will  ahso  be  of  this  length.  Ovu¬ 
lation  in  the  4-day  cyclic  rats  occurs  with  regularity  between  1  and  2:30  .\.m.  (20),  9  to 
11  hours  after  hypojjhysial  activation  on  the  day  of  proestrus  (1). 

The  solution  of  Pathilon  was  i)repared  by  dissolving  5  mg.  of  the  powder  in  1  cc. 
physiological  saline.  This  solution  was  injected  subcutaneously  in  the  lumbar  region. 
For  testing  the  capacity  of  the  drug  to  block  ovulation,  3  groups  of  4-day  cyclic  rats, 
10  rats  to  the  group,  were  injected  on  the  day  of  proestrus  between  1 :20  and  1 :30  p.m. 
Therefore,  the  time  of  injection  was  approximately  half  an  hour  before  the  beginning  of 
the  critical  period  (3).  The  respective  dosages  received  by  the  three  groups  were  25,  iV) 
and  75  mg.,  kg.  body  weight.  Six  control  rats  were  injected  with  Pathilon  (75  mg./kg.) 
on  the  day  of  proestrus  at  4  :.30  p.m.,  after  the  critical  period  had  passed.  On  the  following 
day,  the  day  after  the  normally  expected  ovulation,  the  abdomen  was  opened  under 
ether  anesthesia  and  the  reproductive  tract  examined.  The  oviducts  were  e.xcised,  com¬ 
pressed  in  physiological  saline  under  a  cover  slip  and  examined  under  a  compound  mi¬ 
croscope  for  tubal  ova  (22).  The  complete  absence  of  ova  in  both  tubes  together  with 
absence  of  distention  of  the  ampullae  in  situ  indicated  a  block  of  ovulation.  Finding  of 
fewer  than  5  ova  all  together  in  both  tubes  was  recorded  as  a  partial  block  (1,2).  More¬ 
over,  it  was  noted  whether  the  uteri  were  still  in  the  hyperemic,  distended  proestrous 
condition.  The  ovaries  were  examined  in  situ  under  the  dissecting  micro.seope  for  the 
presence  or  apparent  absence  of  unruptured  follicles.  The  animals  in  doubt  were  killed 
with  chloroform  and  the  ovaries  removed  for  histological  examination.  The  routine 
staining  procedure  was  a  modified  Mallory  tri-acid  technique  (23). 

The  remaining  animals  were  kept  for  further  observation  during  the  succeeding 
weeks  to  see  what  would  happen  in  the  postoperative  period.  .\s  a  control  group,  6  other 
mature  female  rats  were  injected  with  physiological  saline  shortly  before  the  critical 
period  in  proestrus.  On  the  following  day  they  also  were  laparotomized  and  checked  m 
the  same  way  as  those  just  described.  These  rats  also  were  observed  for  two  or  thn  e 
weeks  in  the  postoperative  period. 

In  testing  the  effects  of  Pathilon  injection  on  different  days  of  diestrus  the  standai  1 
treatment  was  s.c.  injection  of  50  mg.,/kg.  body  weight  at  about  1 :30  p.m.  Four  grou]  s 
(10  animals  in  each  group)  were  employed.  The  rats  in  3  groups  had  histories  of  S-dn  • 
cycles,  and  those  in  the  other  group  had  histories  of  4-day  cycles.  Injections  were  give  i 
to  the  5-day  cycling  rats  on  the  first,  second  or  third  day  of  diestrus.  The  4-day  cyclii  , 
rats  were  injected  on  the  second  day  of  diestrus. 

.\11  animals  were  controlled  daily  by  vaginal  smear.  When  a  prolongation  of  diestn. 
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(  curred  after  injection,  the  rats  were  laparotomized  on  the  fifth  diestrus  day  and  the 
)  'erus  was  traumatized.  Four  days  later  it  was  examined  at  laparotomy  for  deciduomata. 
!  very  second  animal  was  subjected  at  that  time  to  unilateral  ovariectomy,  the  one 
(  vary  being  preserved  for  histological  examination,  .\fter  the  end  of  pseudopregnancy  or 
:  niilar  prolongation  of  the  cyclic  interv'al  the  vaginal  smearing  was  continued  through 
I  cycles. 


RESULTS  AND  DISCUSSION 

Pathilon  was  well  tolerated  without  evident  side  effects,  except  possibly 
i  1  the  third  (75  mg./ kg.)  group  injected  during  proestrus,  in  which  4  ani- 


25  Mg/Kg  SO  Mg/Kg  75Mg/Kg  Saline  TSMg/Kg 


tSOpm.  4:30  pm. 

Fig.  1.  Comparative  results  in  5  groups  of  animals  injected  with  different  amounts  of 
Pathilon  or  with  physiological  saline.  In  the  vertical  columns  are  shown  the  results  with 
respect  to  ovulation;  solid  black — complete  blockade;  cross  hatching — partial  blockade; 
white — complete  ovulation.  The  times  of  injection  are  indicated  below  the  brackets.  On 
the  left  vertical  scale  is  shown  the  number  of  animals.  The  flags  on  the  right  side  of  each 
•  olumn  represent  prolongation  of  diestrus  following  the  current  estrus.  Ps  indicates  pro¬ 
longation  with  decidual  reaction,  i.e.  pseudopregnancy.  If  no  flag  is  shown  the  following 
(•}'cles  were  normal.  Rats  which  were  killed  or  which  died  “spontaneously”  are  inicatedd 
by  a  cross. 

nals  were  found  to  have  a  local  wound  reaction  after  repeating  the  injec¬ 
tion,  and  2  others  died  of  pneumonia. 

Series  I.  The  effects  of  injection  during  proestrus  are  graphically  pre¬ 
sented  in  Figure  1.  In  the  first  (25  mg.)  group  only  3  of  the  10  animals  were 
iffected  by  the  drug  in  any  evident  way.  In  two  of  these  ovulation  was 
blocked  and  postponed  one  day.  One  of  them  had  a  prolongation  of  pro- 
'strus,  and  vaginal  estrus  occurred  for  the  firsl;  time  on  the  second  day 
ifter  injection;  in  the  other  case  estrus  occurred  as  expected  on  the  first 
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day  after  injection  but  remained  until  the  second  da\,  at  which  tin  e  fiv.^ 
ovulation  was  demonstrated.  In  this  case  a  pseudopregnancy  followed.  1 
the  3rd  rat  a  partial  block  was  found  on  the  day  after  injection.  The  follow 
ing  diestrus  was  prolonged  to  12  days,  but  no  decidual  reaction  was  evoke<' 

In  the  second  (50  mg.)  group,  0  of  the  10  rats  were  affected  in  some  wa.\ 
Ovulation  was  blocked  in  0  animals.  In  2  of  these  proestrus  was  prolongea 
one  day;  in  one  ca.se,  2  days  with  con.sequent  postponement  of  ovulatioa 
for  2  days;  and  in  the  other  3  rats  e.strus  occurred  on  the  day  after  injection 
and  remained  one  additional  day.  Among  these  .six  animals,  2  had  prolonga¬ 
tion  of  the  following  diestrus  to  14  and  15  days,  one  with  and  one  without 
decidual  reaction;  one  rat  had  normal  cycles  after  the  blockade;  and  the 
other  three  were  killed  for  examination.  In  addition  to  the  six,  2  other  ani¬ 
mals  showed  a  partial  block,  one  of  them  .sub.^equently  showing  a  p.seudo- 
pregnancy,  the  other  returning  promptly  to  normal  cycles.  Finally,  the  2 
remaining  rats  ovulated  normally.  One  of  them  afterward  experienced  a 
pseudopregnancy. 

In  the  third  group,  ovulation  was  completely  blocked  in  9  of  the  10  ani¬ 
mals  and  partially  blocked  in  the  other  after  75  mg.  kg.  Pathilon  was  ad¬ 
ministered  on  the  day  of  proestrus.  Two  rats,  after  blocked  (i.e.  post¬ 
poned)  ovulation,  exhibited  a  prolongation  of  die.strus  for  14  and  10  days, 
one  having  a  decidual  reaction.  Two  animals  were  blocked  2  days  and  dur¬ 
ing  this  period  they  showed  a  persistent  estrus;  one  of  them  continued 
with  a  pseudopregnancy,  the  second  simply  with  a  prolongation  of  diestrus. 
In  5  rats  injection  was  repeated  on  the  second  day.  One  rat,  after  having 
been  fully  blocked  by  the  first  injection,  was  only  partially  blocked  by  the 
second  one,  having  4  fresh  tubal  ova  when  observed  at  autopsy  on  the  fol¬ 
lowing  day.  The  other  four  of  the  doubly  injected  rats  remained  blocked; 
two  for  2  days,  with  prolongation  of  proestrus;  two  for  3  and  4  days,  re¬ 
spectively,  with  prolongation  of  estrus.  Two  of  the  4  rats  died  of  pneu¬ 
monia  on  the  .sixth  and  seventh  days.  The  two  that  survived  became* 
p.seudopregnant  after  the  postponed  ovulation. 

In  the  group  of  6  control  rats  injected  with  Pathilon  (75  mg.  kg.)  at 
4:30  p.M.  on  the  day  of  proestrus,  5  animals  ovulated  during  the  night  and 
one  animal  was  blocked.  This  re.sult  is  in  accord  with  the  expectation  for 
this  hour  of  injection  (24).  Four  of  the.se  rats  were  studied  subsequently  ; 
three  became  p.seudopregnant  and  one  had  a  prolongation  of  diestrus  (l(i 
days)  without  decidual  reaction  to  trauma. 

In  the  control  group  of  6  animals  injected  with  physiological  saline  pre¬ 
ceding  the  critical  period,  we  observed  normal  ovulation;  subsequent  cycle 
were  also  normal.  It  should  be  noted  that  pseudopregnancy  was  ab.sent  ii 
spite  of  laparotomy  on  the  day  after  injection. 

It  is  apparent  that  after  increa.sing  the  do.sage  of  Pathilon  the  propor 
tionate  number  of  blocked  ovulations  also  increased.  In  the  25  mg.  grouj 
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2-  %  were  blocked.^  The  figure  increased  to  70%  and  9o%,  respectively,  in 
tl  '  oO  mg.  and  7o  mg.  groups.  If  we  compare  the.se  percentages  with  the 
e:  oected  frequency  of  spontaneous  delay  of  ovulation  in  this  stock,  ca.  5% 

(:  ,  we  obtain  the  following  results,  u.sing  the  contingency  tables  of  Main- 
ht  id  and  Murray  (25);  in  the  25  mg.  group  the  observed  frequency  of 
1)1  ickade  is  not  .significant,  that  in  the  50  mg.  group  is  .significant  at  the  5% 
Ic  el  and  that  in  the  75  mg.  group  at  the  1%  level.  In  fact,  in  even  the  25 
n  group  the  one  case  of  partial  blockade  clearly  indicates  a  drug  effect. 

Thus,  it  has  been  demonstrated  that  Pathilon  is  able  to  block  ovulation 
si  iiilarly  to  Banthine  and  atropine.  In  addition,  it  was  observed  that  after 
tl  *  blockade  or  even  after  normal  ovulation  following  Pathilon,  in  a  varia- 
1)1  ‘  percentage  of  the  cases  the  following  expected  cycle  was  replaced  by  a 
piolonged  diestrus  lasting  between  12  and  Hi  days.  Whereas  in  the  25  mg. 
gioup  only  a  few  rats  reacted  in  this  way,  in  the  75  mg.  group  there  were 
p^eudopregnancies  in  all  of  the  post  operatively  observed  ca.ses. 

.Vltogether,  in  the  various  phases  of  Series  I,  there  were  16  animals  with 
piolongation  of  die.strus,  of  which  11  were  p.seudopregnant.  Ovaries  of  3 
of  the  latter  were  available  for  histological  .study.  Removed  on  the  ninth 
day,  they  disclo.sed  no  difference  from  what  one  would  expect  to  find  in 
normal  p.seudopregnancy.  On  the  other  hand,  the  ovaries  from  3  rats  that 
failed  to  respond  with  a  decidual  reaction  were  deficient  in  various  respects. 
In  one  the  luteal  ti.s.sue  was  restricted  to  a  peripheral  shell  about  a  massive 
core  of  connective  ti.ssue.  In  the  2  others,  although  the  corpora  lutea  were 
compactly  developed,  the  luteal  cells  were  of  widely  varying  size,  relatively 
few  l)eing  as  large  as  they  normally  should  be.  In  all  3  defective  ovaries 
there  was  evidence  of  inadequate  FSH  and  LH  stimulation.  The  follicles 
were  not  over  0.4  mm.  diameter  and  the  prominent  ones  were  usually  in 
various  stages  of  atre.sia.  The  interstitial  ti.ssue  of  2  of  the  3  ovaries  con¬ 
tained  abundant  wheel  nuclei,  indicative  of  LH  deficiency  (26). 

Series  II.  We  turn  now  to  the  .second  question:  how  would  the  animals 
differ  in  their  reactions  to  a  standard  single  do.se  of  Pathilon  (50  mg. /kg.) 
injected  on  different  days  of  diestrus?  In  considering  the  results  one  may 
differentiate  two  sets  of  characteristic  effects:  those  expre.ssed  within  the 
cycle  during  which  injection  was  given  (Fig.  2),  and  tho.se  expre.s.sed  after  a 
normal  or  briefly  prolonged  cycle  (Fig.  3).  The  character  of  the  effects 

V  iried  with  respect  to  the  timing  of  the  injection.  A  detailed  account  fol¬ 
lows. 

Injection  on  the  first  day  of  diestrus  in  5-day  cyclic  rats  always  resulted 
in  a  prolongation  of  the  current  die.strus,  which  lasted  between  13  and  16 
d  lys;  6  rats  were  p.seudopregnant  whereas  4  animals  showed  a  simple  pro- 

*  In  calculating  such  percentage,  a  case  of  partial  blockade  is  arbitrarily  given  a 

V  lue  of  5%  and  one  of  total  blockade  receives  a  value  of  10%,  one  animal  equalling 
1  %  of  the  total. 
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Ooy  of  Kind  of 

Injection  Cycle  A  B  C  0 

1  5-day  6400 

2  5-doy  I  414 

2  4-day  I  0  4  5 

3  5-day  2  3  14 

Fig.  2.  Schema  and  tabulation  showing  various  effects  of  Pathilon  injection  during 
diestrus  on  the  current  cycle.  A:  pseudopregnancy.  B;  prolongation  of  diestrus  without 
decidual  reaction.  C:  prolongation  of  proestrus  (broken  line)  and  estrus.  O:  no  reaction 
on  the  current  cycle.  Various  days  of  injection  represented  by  arrows.  One  vertical  unit 
indicates  proestrus;  two  units,  full  cornification. 

longation  of  diestrus  without  decidual  reaction.  In  one  which  was  followed 
longer  a  second  prolongation  was  observed  to  last  15  days,  without  de¬ 
cidual  reaction. 

After  injection  on  the  .second  diestrus  day  in  5-day  cyclic  rats,  one 
reacted  with  p.seudopregnancy  twice  in  succession.  In  4  rats  there  con¬ 
tinued  a  simple  prolongation  of  diestrus.  One  animal  had  a  16-day  pro¬ 
longation  of  diestrus  after  2  intervening  periods  of  cyclic  estrus.  (4ne 
other  had  a  postponement  of  ovulation  for  2  days,  accompanied  by  pro¬ 
longation  of  vaginal  estrus  to  3  days.  The  same  animal  afterward  experi¬ 
enced  pseudopregnancy.  Three  rats  were  entirely  unaffected. 

In  the  group  of  4-day  cyclic  rats  the  following  results  were  found  after 
injection  on  the  second  day  of  diestrus:  5  rats  showed  an  effect  within  the 
current  cycle  and  5  did  not.  Of  the  latter,  two  rats  had  a  normal  cycle  after 
the  expected  ovulation  and  then  became  p.seudopregnant,  1  animal  reactid 
more  immediately  with  a  pseudopregnancy  after  normal  e.strus  and  ovula¬ 
tion,  and  2  rats  .seemed  entirely  unaffected  by  the  drug.  Of  the  5  that  re¬ 
acted  within  the  current  cycle,  1  experienced  a  prolongation  of  diestrus 
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Fig.  3.  Three  characteristic  sequences  involving  prolonged  diestrus  subsequent  to 
ovulation.  A:  pseudopregnancy  after  normal  ovulation,  3  rats.  B:  prolonged  diesti  is 
following  delayed  ovulation,  3  or  4  rats  pseudopregnant.  C:  prolonged  diestrus  follow)  >g 
two  cycles,  2  of  3  rats  pseudopregnant. 


A  and  B 
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w  ich  was  proven  to  be  a  pseudopregnancy,  and  4  had  a  prolongation  of 
eb  rus,  indicative  of  blockade  of  ovulation.  After  their  vaginal  estrus  ap- 
pi  tred  at  the  expected  time  on  the  4th  day  of  the  cycle,  estrus  continued 
fo  2  additional  days  in  2  rats  and  for  3  additional  days  in  2  others.  In 
tl  ir  subsequent  histories,  one  of  these  four  rats  had  a  similarly  prolonged 
e^  rus  in  the  cycle  immediately  following,  one  had  a  simple  prolongation 
of  the  following  diestrus,  and  two  became  pseudopregnant  (one  twice  in 
sn  cession). 

Injection  on  the  third  day  of  diestrus  in  5-day  cyclic  rats  gave  these  re¬ 
sults:  Three  cases  subsequently  had  a  simple  prolongation  of  diestrus  and 
tv  o  others  became  pseudopregnant.  In  one  additional  rat  ovulation  was 
p(  'itponed  for  2  days  with  vaginal  proestrus  prolonged  to  2  days  and  estrus 
to  2  days.  Two  rats  became  pseudopregnant  after  ovulation  at  the  expected 
time  and,  finally,  two  animals  had  no  apparent  reaction  whatever. 

Figure  2  schematically  summarizes  and  tabulates  the  various  effects  ex¬ 
pressed  within  the  current  cycle.  The  first  kind  of  reaction  is  a  prolongation 
of  diestrus,  either  as  a  frank  pseudopregnancy  (A)  or  as  a  simple  prolonga¬ 
tion  without  decidual  reaction  (B).  Although  mucification  of  the  vaginal 
smear  was  observed  in  either  circumstance,  the  significance  of  this  is  ques¬ 
tionable  in  group  B,  inasmuch  as  there  was  no  histological  evaluation  of 
the  vaginal  mucosa  at  this  time.  A  low  level  of  estrogen  may  in  itself  cause 
nuicification  of  the  smear,  a  fact  that  is  well  recognized.  Diminished  estro¬ 
gen  output  may  be  postulated  from  the  histological  appearance  of  the 
ovaries.  They  gave  the  same  indications  of  FSH  and  LH  deficiency  that 
were  noted  in  ovaries  of  similar  animals  in  Series  I:  decreased  .size  and 
number  of  growing  follicles,  and  “wheel”  .structure  in  the  nuclei  of  the 
interstitial  cells. 

The  second  kind  of  reaction  expressed  in  the  current  cycle  (Fig.  2,  C) 
is  the  po.stponement  of  ovulation,  accompanied  by  prolonged  vaginal 
estrus.  This  was  observ’ed  in  5  of  the  20  rats  that  were  injected  on  the  last 
day  of  diestrus.  The  effect  corresponds  to  the  blockade  observed  in  higher 
frequency  in  Series  I,  after  injection  during  proestrus.  A  protracted  block¬ 
ing  action  of  the  drug  was  noted  in  some  of  those  cases,  extending  beyond 
the  first  24  hours  after  a  single  injection.  Ev’en  more  extremely,  in  some  of 
tliese  in  Series  II,  blocking  action  continued  for  even  three  or  four  dav'.s — 
note  especially  the  5-day  cyclic  rat  in  which  ovulation  was  delayed  two 
days,  after  injection  was  made  on  the  second  day  of  a  3-day  diestrus.  Other 
evidence  of  protracted  activity  of  Pathilon  is  noted  in  laboratory  reports 
supplied  by  the  manufacturer  which  state  that  it  inhibits  secretion  of 
g  istric  HCl  three  times  as  long  as  Banthine.  However,  this  is  a  matter  of 
li  mrs,  not  days. 

Effects  appearing  later  than  the  current  cycle  (Fig.  3)  were  expressed  ac- 
c  >rding  to  3  different  patterns.  In  all  cases  the  overt  effect  was  a  prolonga- 
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tion  of  diestrus,  and  in  8  of  the  10  cases  this  proved  to  be  a  pseudoprc  - 
nancy,  the  decidual  reaction  in  all  eight  being  uniformly  good.  Howevc  , 
becau.se  of  the  small  number  of  animals  (three)  following  the  third  patter  i. 
in  which  the  long  interval  came  after  two  intervening  estrus  periods,  it  s 
uncertain  that  this  is  truly  a  drug  effect. 

From  the  above  observation  it  is  apparent  that  the  effects  of  Pathih  ii 
on  pituitary  function  are  multiple.  Like  atropine  and  Banthine,  it  cmi 
block  LH  release  and  thus  prevent  ovulation.  But  further  than  that,  it 
can  bring  about  pseudopregnancy,  either  in  the  cycle  during  which  it  is 
administered  or  in  the  one  that  follows.  A  recent  report  by  Barraclougli 
(27)  demonstrates  that,  .somewhat  similarly,  chlorpromazine  and  reserpine 
are  able  not  only  to  Idock  ovulation  (28,  29),  but  also  to  evoke  pseudoprcg- 
nancy,  especially  when  injected  on  the  first  day  of  diestrus.  Krais,  Lehr 
and  Riess  (30)  had  earlier  found  that  chlorpromazine  (Megaphen)  dela.\  s 
or  prevents  the  occurrence  of  the  expected  e.strus  in  rats. 

Perhaps  one  factor  in  the  mechanism  whereby  Pathilon  induces  pseudo¬ 
pregnancy  is  its  tendency  to  suppress  the  day-to-day  secretion  of  gonado¬ 
tropin  (FSH-LH).  Although  this  was  mo.st  extreme  in  the  cases  of  pro¬ 
longed  diestrus  without  corpus  luteum  function,  even  in  the  true  pseudo¬ 
pregnancies  there  was  sometimes  a  moderate  tendency  to  wheel  structure 
in  the  nuclei  of  interstitial  cells  of  the  ovary.  There  are  several  rea.son.s 
to  consider  the  po.s.sibility  that  factors  which  depre.ss  FSH-LH  secretion 
will  at  the  same  time  favor  the  secretion  of  luteotropin  (LTH).  Greep  and 
Jones  (31)  noting  the  well-recognized  fact  that  the  admini.stration  of  ap¬ 
propriate  amounts  of  estrogen  will  eau.se  p.seudopregnancy,  postulat(‘(l 
that  it  does  so  indirectly  by  suppre.ssing  FSH  and  LH.  Everett  (32,  33) 
demonstrated  that  p.seudopregnancy  is  regularly  produced  simply  by  auto¬ 
transplanting  the  anterior  hypophysis  to  the  kidney  capsule,  a  circum¬ 
stance  that  cau.ses  atrophy  of  all  parts  of  the  ovary  except  the  corpora 
lutea.  Rothchild  (34)  finds  that  during  normal  p.seudopregnancy  unilateral 
ovariectomy  is  not  followed  by  hypertrophy  of  the  remaining  ovary  as 
would  be  the  case  in  cycling  animals.  On  the  contrary,  a  hypothesis  that 
FSH-LH  depre.ssion  is  the  primary  factor  initiating  pseudopregnancy  is 
difficult  to  reconcile  with  the  phenomenon  of  delayed  p.seudopregnancx' 
first  described  by  Greep  and  Hisaw  (35).  Electrical  stimulation  of  the 
cervix  uteri  during  diestrus  will  often  re.sult  in  p.seudopregnancy  after  the 
next  expected  ovulation  a  few  days  later.  Es.sentially  the  same  result  occui  s 
after  copulation  during  a  cycle  in  which  ovulation  is  blocked  by  pent(  - 
barbital  (36).  The  beginning  of  the  p.seudopregnancy  awaits  the  return  ( f 
cyclic  e.strus;  the  corpora  lutea  forming  at  this  later  time  then  becom  • 
functional.  Surely,  the  follicle  maturation  and  the  ovulation  the.se  .seven  ' 
days  after  the  copulatory  .stimulus  must  mean  that  FSH  and  LH  remai. 
normal  meanwhile.  It  is  interesting  to  note  that  many  of  our  rats  that  wer 
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i  jected  with  Pathilon  during  late  diestrus  experienced  pseudopregnancy 
(  ily  after  the  completion  of  a  new  ovulation.  The  parallel  with  the  delayed 
(  lect  of  cervical  stimulation  etc.  is  obvious.  Explanation  is  equally  elusive 
i  either  case. 
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ABSTRACT 

The  influence  of  estradiol  benzoate  and  of  progesterone  on  the  distribution 
of  phospholipid  in  the  endometrium  of  the  castrate  rat  has  been  studied  in 
tissue  sections  prepared  by  the  controlled  chromation  method  for  phospholipids 
and  the  direct  silver  method  for  the  Golgi  apparatus.  Estrogen  decreases  the 
basal  phospholipid  and  causes  a  rapid  growth  of  the  Golgi  apparatus,  effects 
which  are  not  paralleled  by  progesterone.  The  response  of  both  the  general 
phospholipid  and  the  Golgi  apparatus  to  graded  doses  of  estradiol  benzoate 
has  been  investigated. 

INTRODUCTION 

Recent  improvements  in  histochemical  techniques  for  phospho¬ 
lipids  have  increased  their  accuracy  and  have,  at  the  same  time, 
facilitated  their  routine  u.se  bj’  permitting  the  embedding  of  the  tis.sue  in 
paraffin.  With  the  aid  of  these  advances  it  has  been  possible  to  gain  further 
information  concerning  the  phospholipids  of  the  uterus.  Earlier  investiga¬ 
tions,  summarized  by  Alden  (1),  have  pointed  out  ba.sic  a.spects  of  the 
problem.  The  purpose  of  the  experiments  reported  in  this  paper  has  been 
to  map  the  distribution  of  phospholipid  in  the  uterus  of  the  rat  as  it  re¬ 
sponds  to  the  administration  of  estrogen,  with  some  preliminary  re.sults  of 
experiments  with  progesterone. 

Exploratory  experiments  demonstrated  that  one  of  the  sites  of  marked 
phospholipid  change  in  the  uterine  epithelium  was  the  Golgi  apparatus. 
The  availability  of  a  rapid  method  for  visualizing  the  Golgi  apparatu^ 
allowed  us  to  study  its  variations  in  conjunction  with  those  of  other  phos¬ 
pholipid  components. 


M.\TERIALS  AND  METHODS 

Rats  of  the  Long-Evans  strain,  bred  in  the  local  colonj-,  were  used  in  all  of  the  ex 
periments.  Females  ranging  in  age  from  5  to  8  months  were  ovariectomized  from  18  t( 
27  days  before  hormone  administration.  The  division  of  the  animals  into  9  groups  wa> 
followed  by  the  injection  of  steroid  hormones  and  collection  of  tissue  according  to  the 
schedule  shown  in  Table  1.  .\I1  of  the  hormones  were  dissolved  in  sesame  oil  and  wen 
given  subcutaneously. 
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The  animals  in  groups  1-4  constituted  the  first  set  of  experiments,  designed  to 
(  fferentiate  the  effect  of  estradiol  benzoate  and  progesterone  on  phospholipid.  The  tis- 
<-  les  from  these  groups  were  collected  24  hours  after  the  last  injection.  When  groups 
9  were  experimented  with,  48  hours  was  allowed  for  the  action  of  the  last  injection 
!  fore  autopsy  since  experiments  not  forming  part  of  this  paper  had  indicated  that 
♦  is  time  period  provided  maximum  effect  of  the  hormone  on  the  features  we  were 
(  .serving.  It  was  our  intention  to  employ  dosages  approaching  a  physiological  range 
;  id  to  allow  them  to  act  for  a  period  of  time  not  too  far  displaced  from  the  normal. 

The  tissues  were  collected  during  terminal  chloroform  anesthesia.  Phospholipids 
\  “re  studied  by  means  of  controlled  chromation  with  dichromate-sublimate  fixation  as 

Table  1.  Dosac.e  of  hormo.nes  i.xjected  into  ovariectomized  rats  and  time 


ALLOWED  FOR  THEIR  ACTION  BEFORE 

AUTOPSY 

No.  of 

Treatment 

Hours  between 

_ 

animals 

Dose  /  day 

No.  of  days 

autopsy 

1 

7 

Untreated 

2 

3 

2  ng.  estradiol  benzoate 

3 

24 

3 

3 

1  mg.  progesterone 

3 

24 

4 

3 

2  ng.  estradiol  benzoate  -t- 1 

3 

24 

mg.  progesterone 

5 

6 

0.25  iig.  estradiol  benzoate 

2 

48 

fi 

5 

0.50  ng.  estradiol  benzoate 

2 

48 

7 

4 

1 .0  Mg.  estradiol  benzoate 

2 

48 

8 

5 

2.0  Mg.  estradiol  benzoate 

2 

48 

9 

4 

4.0  Mg.  estradiol  benzoate 

2 

48 

described  by  Elftman  (2,  3).  The  samples  of  tissue  were  placed  in  fixative  freshly  pre- 
pared  by  dissolving,  potassium  dichromate  to  the  extent  of  2.5%  in  a  stock  5%  solution 
of  mercuric  chloride,  the  pH  being  adjusted  to  2.5  with  HCl,  the  measurement  being 
made  with  a  Beckman  pH  meter,  .\fter  four  days  in  the  fixative  at  room  temperature  the 
tissues  were  embedded  in  paraffin,  passing  through  two  10  minute  changes  of  xylol  in 
the  process.  Staining  with  Sudan  black  B  in  ethylene  glycol  (4)  followed. 

Duplicate  samples  of  tissue  were  taken  for  study  of  the  Golgi  apparatus.  The  method 
employed  was  Elftman’s  (5)  direct  silver.  The  tissue  was  immersed  directly  in  2%  silver 
nitrate  in  15%  formalin  and  kept  in  this  solution  for  three  hours  at  room  temperature. 
I'he  silver  solution  was  then  decanted  and  replaced,  without  washing,  by  2%  hydro- 
quinone  in  15%  formalin.  Transfer  to  15%  formalin  three  hours  later  allowed  overnight 
completion  of  general  fixation.  Paraffin  embedded  sections  were  counterstained  with 
toluidine  blue.  For  greater  permanence  some  slides  were  gold-toned,  the  substitution 
of  gold  for  silver  conferring  the  greater  resistance  to  oxidation  which  is  a  property  of 
the  more  noble  metal. 

For  preservation  of  mitochondrial  detail  beyond  that  which  is  apparent  after  con¬ 
trolled  chromation,  some  tissue  was  put  through  osmichrome  fixation  (6)  and  the 
mitochondria  stained  with  anilin  acid  fuchsin  or  with  iron  hemato.xylin. 

OBSERVATIONS 

f Items  of  the  castrate 

The  uterine  epithelium  of  an  animal  spayed  four  weeks  earlier  (Fig.  lA) 
hows  two  regions  of  phospholipid  accumulation.  The  basal  phospholipid 
;  tains  more  intensely  with  Sudan  black  B,  suggesting  that  it  is  more  purely 
lipid  in  character.  In  the  apical  region  two  phospholipid  components  can 
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|)(  more  closely  identified.  The  convoluted  mass  adjacent  to  the  nucleus  is 
sc  n  in  Figure  IB  to  have  given  the  typical  Golgi  apparatus  reaction  to 
^  si  er.  Closer  to  the  lumen  are  particles  derived  from  mitochondria,  as 

i  e'  vlenced  by  their  reaction  to  silver  and  their  staining  by  hematoxylin 

a!  1  by  anilin  acid  fuchsin  after  osmichrome  fixation.  Since  it  is  well  known 
t!  it  both  the  Golgi  apparatus  and  the  mitochondria  contain  protein  in 
a<  lition  to  phospholipid,  it  is  understandable  that  the  Sudan  black  B 
St  in  should  be  less  intense  in  the  apical  region. 

K  '  €ct  of  estrogen 

Three  daily  injections  of  2  /xg-  of  estradiol  benzoate  resulted  in  the  phos- 
1  pi  olipid  distribution  of  Figure  2, 24  hours  after  the  last  injection.  The  mini- 
m  d  Golgi  apparatus  of  the  castrate  has  developed  into  a  luxuriant  form 
with  the  phospholipid  expanded  as  an  interfacial  film.  This  makes  it  diffi- 
‘  cult  to  estimate  the  amount  of  phospholipid  by  inspection;  when  quantita- 
I  ti\  e  results  are  needed  thev  mav  be  obtained  bv  the  methods  suggested  in 

!  (7). 

The  effect  of  estrogen  in  decreasing  basal  phospholipid  is  almost  as 
dramatic  as  its  influence  on  apical  agumentation.  The  possibility  of  transfer 
of  phospholipid  from  base  to  apex  is  apparent  but,  if  it  does  take  place,  it 
must  involve  not  only  geographical  translocation  but  also  chemical  in¬ 
corporation  into  the  more  complex  apical  .structures. 

Effect  of  progesterone 

The  administration  of  1  mg.  do.ses  of  progesterone  according  to  the 
schedule  used  for  e.strogen  influences  the  Golgi  apparatus  (Fig.  3)  very 
little  but  there  is  an  intimation  that  the  amount  of  basal  pho.spholipid 
may  actually  have  increa.sed.  Since  there  is  a  regional  variation  in  basal 
lipid,  the  antime.sometrial  and  mesometrial  domains  being  more  richly 
supplied,  a  precise  determination  of  the  quantitative  effect  of  progesterone 
awaits  more  extended  experiments.  The  appearance  of  a  clear  area  between 


Fig.  1.  Castrate  control.  In  l  .\  there  is  a  concentration  of  phospholipid  in  the  basal 
region  of  the  epithelium  and  a  lesser  amount  in  the  apical  region.  The  apical  phospho¬ 
lipid  is  i)artially  mitochondrial  although  that  which  is  near  the  nucleus  belongs  to  the 
('•'ilgi  aj)paratus.  The  latter  is  clearly  visible  in  the  direct  silver  preparation,  IB. 

Fig.  2.  .Vftm-  3  daily  injections  of  2  /xg.  of  estradiol  benzoate.  The  Golgi  apparatus 
has  increased  tremendously  in  size  and  the  basal  lipid  has  disajipeared. 

Fig.  3.  .Vfter  3  daily  injections  of  1  mg.  of  progesterone.  There  has  been  no  decrease 
in  basal  phospholipid  nor  increase  in  size  of  the  Golgi  apparatus. 

Fig.  4.  .\fter  concurrent  administration  of  the  treatments  described  for  Figures  2 
aiid  3.  The  effect  is  similar  to  that  produced  by  estrogen  alone  but  is  more  moderate. 

Figs,  h,  6  and  7  represent  the  effects  of  two  daily  doses  of  0.25 /xg.,  l.O/xg.  and  4.0  /xg. 
o  estradiol  benzoate  rx*speetively  with  4X  hours  elapsing  before  autopsy.  Xote  the  de- 
ci  -ase  in  the  basal  phospholipid  and  the  increase  in  size  of  the  Golgi  apparatus  as  the 
(1  'se  of  estrogen  is  increased. 
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the  Golgi  apparatus  and  the  nucleus  in  Figure  3B  is  not  unusual  in  p'o- 
gesterone  treated  animals.  Whether  it  is  associated  with  non-Golgi  api<al 
lipid  remains  to  be  seen. 

Ejfect  of  concurrent  estrogen  and  progesterone 

Concurrent  administration  of  2  /xg.  of  estradiol  benzoate  and  1  mg.  of 
progesterone  for  three  successive  daj's  (Fig.  4)  produced  results  reminiscent 
of  the  effects  of  estrogen  alone  but  reduced  in  magnitude  by  the  presence 
of  progesterone. 

Ejfect  of  graded  doses  of  estrogen 

A  preliminary  attempt  to  determine  quantitatively  the  effect  of  estrogen 
on  endometrial  phospholipids  by  using  dosages  and  times  not  too  far  re¬ 
moved  from  those  natural  to  the  rat  is  represented  by  groups  5-9  of  Table 
1.  Tissues  from  groups  5,  7  and  9  are  shown  in  Figures  5-7,  each  figure 
thus  representing  a  four-fold  increase  in  estrogen  dosage. 

The  smallest  dosage  which  we  employed  had  very  little  influence  on 
basal  or  apical  phospholipid  (Fig.  5).  Doubling  the  dose  to  0.50  ng.  per  in¬ 
jection  produced  some  evidence  of  activity  and  further  increase  to  1.0  fxg. 
caused  the  marked  changes  shown  in  Figure  6.  The  increase  in  apical 
lipid,  both  Golgi  and  mitochondrial,  is  carried  still  further  by  the  4.0  ng. 
dosage  (Fig.  7).  Basal  lipid  is  still  present  in  Figure  6 A  but  in  Figure  7 A  it 
has  almost  completely  disappeared. 

DISCUSSION 

Uterine  lipids  of  the  rat  and  the  mouse  have  been  studied  by  histological 
methods  of  varying  degrees  of  applicability  by  many  investigators  (1, 
8-12).  With  the  rapid  development  of  histochemistry  in  recent  years  it 
has  become  possible  to  demand  greater  precision  than  was  possible  by  the 
methods  av’ailable  to  the  earh’  workers.  The  ease  wdth  which  phospholipids 
can  be  studied  by  controlled  chromation  and  the  Golgi  apparatus  by  tlie 
direct  silver  method  permits  observation  of  these  features  to  be  included 
in  routine  experimentation. 

The  decrease  in  basal  lipid  which  can  be  produced  by  estrogen  has  been 
discussed  by  Gilbert  (13)  and  by  Alden  (1)  but  the  accompanying  increa-e 
in  size  of  the  Golgi  apparatus  has  escaped  observation.  The  increase  m 
apical  phospholipid  which  is  implied  by  the  growth  of  the  Golgi  appratus, 
since  it  has  an  appreciable  phospholipid  component,  takes  place  in  fjur 
part  while  the  basal  lipid  is  decreasing.  It  is  possible  that  basal  phospho¬ 
lipid  may  migrate  apically  and  become  incorporated  in  the  Golgi  compl.  x 
but  a  more  immediate  metabolic  use  is  likely. 

The  present  paper  is  in  a  measure  a  sequel  to  the  discovery  by  Atkinsc  n 
and  Elftman  (14)  that  estrogen  mobilizes  alkaline  phosphatase  in  the  uten  s 
of  the  mouse.  The  shift  in  phospholipids  of  the  uterus  which  is  induced  1  y 


est  ogeii  and  the  luxuriant  increase  in  the  Golgi  apparatus  which  it  pro¬ 
ve  es  are  also  links  in  the  mechanism  by  means  of  which  estrogen  performs 
its  physiological  function. 
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THE  METABOLISM  OF  P='‘-LABELLED  THYROID 
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ABSTRACr 

The  distribution  and  metabolism  of  thyroid  hormones  in  the  l)rains  and  the 
hypoph3’ses  of  normal  rabbits  was  determined  after  intravenous  administration 
of  I'’‘-labelled  triiodothjTonine  or  thjToxine. 

Triiodothj'ronine  concentrated  in  the  gray  matter  of  the  brain,  principall.v 
in  the  region  of  the  paraventricular  nucleus  and  the  median  eminence,  and, 
more  heavily,  in  the  hvpophyseal  lobes.  The  pattern  of  distribution  of  thj  roxine 
was  similar,  but  concentration  was  much  less  intense.  Very  little  activitj’  was 
detected  in  the  adenohj  pophj'sis,  although  the  existence  of  an  extrava.scular 
thyroxine  space  there  was  determined. 

Triiodothyronine  rapidh’  left  the  plasma,  but  uptake  in  the  tissues  was 
slower,  reaching  a  peak  after  about  two  hours.  This  pattern  of  concentration  in 
time  maj’  have  been  dependent  on  the  formation  of  a  previously  postulated 
plasma-triiodothjTonine  complex  as  a  precursor  of  the  tissue  triiodoth\Tonine. 
It  resulted  in  high  concentration  gradients  between  tissues  and  plasma.  Levels 
as  high  as  75: 1  for  the  neuroh.vpophvsis  and  17:1  for  the  adenoln  poph.vsis  were 
reached;  the  highest  for  the  cerebrum  and  diencephalon  were  1.6:1  and  1.5:1, 
respectively. 

.\lthough  thjToxine  reached  peak  concentration  in  the  tissues  about  as 
rapidlj'  as  triiodothjTonine,  its  level  remained  more  constant,  a  slower  rate  of 
metabolic  degradation  being  indicated.  With  equal  doses,  about  three  times  as 
much  triiodoth.vronine  as  thvroxine  was  taken  up  b>’  the  tissues.  This  ratio  may 
partl.v  explain  the  differences  in  biological  activity  of  the  two  substances.  The 
uptake  of  each  hormone  was  roughlv  proportional  to  the  dose  injected  (0.5  and 
4.0  pg./kg.  for  thyroxine;  0.5,  4.0  and  12.0  pg./kg.  for  triiodoth.vronine). 

Chromatographic  analysis  showed  the  presence  of  triiodothy  ronine  in  the 
brains  and  the  hypophyses  of  animals  receiving  triiodothyronine.  The  presence 
of  iodide  in  the  hypophyses  of  such  animals  suggested  deiodination  of  triiodo¬ 
thyronine  in  hypophyseal  tissue.  No  other  known  metabolites  of  triiodothyro¬ 
nine  were  detected.  In  thyroxine-treated  animals,  thyroxine  was  present  in  the 
brain  and  both  triiodothyronine  and  thyroxine  were  detected  in  the  hypophysis. 
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IX  A  previout<  study  in  our  laboratories  on  the  distrilnition  of  l‘®*-lahelle(l 
triiodothyronine  (Ta)  in  mice,  it  was  noted  that  the  hypophysis  was 
0!  3  of  the  sites  of  heaviest  concentration  of  radioactivity  (1).  In  order  to 
(1  ine  this  concentration  more  accurately,  the  present  study  was  initiated. 
C  ing  to  the  important  physiological  relationship  between  thyroid  ac- 
ti  ity  and  brain  function,  it  was  decided  that  the  study  should  include 
V.  rious  parts  of  the  brain,  as  well  as  the  different  parts  of  the  hypophysis, 
a;  1  that  the  distribution  of  thyroxine  should  be  investigated,  as  well  as 
tl  at  of  triiodothyronine.  The  rabbit  was  .selected  as  an  appropriate  animal 
fc  the  experiments. 

After  intravenous  injection  of  relatively  small  amounts  of  either  hor- 
iiione  labelled  with  concentration  of  radioactivity  of  varying  degrees 
of  intensity  was  detectable  in  various  areas  of  the  brain  and  the  pituitary. 
Some  of  the  neural  areas  involved  may  be  related  to  the  functional  control 
of  the  thyroid  gland. 

MATERIALS  AND  METHODS 

The  male  albino  rabbits,  weighing  between  2  and  3  kg.  were  obtained  from  a  local 
animal  supply  house  on  the  day  the  experiments  were  begun. 

The  radioactive  triiodothyronine  and  thyroxine  were  obtained  in  a  50%  propylene 
glycol  solution  from  Abbott  Laboratories,  at  Oak  Ridge,  Tennessee.  Saline  dilutions 
suitable  for  injection  were  prepared  in  siliconized  glassware,  so  as  to  reduce  losses  by 
adsorption  on  the  walls  of  the  containers.  The  diluted  triiodothyronine  was  analyzed 
cliromatographically  for  purity  and  was  found  to  contain  82%  or  more  of  the  hormone, 
riie  diluted  thyroxine  contained  only  71%  of  the  hormone.  Suitable  standards  of  the 
material  were  prepared  by  dilution  with  O.lN  NaOH. 

In  a  typical  experiment  the  procedure  was  as  follows.  The  animals  were  anesthetized 
l)y  intraperitoneal  injection  of  pentobarbital,  dial  urethane,  or  12%  ethanol.  Anes¬ 
thesia  was  maintained  with  ether.  The  external  jugular  veins  were  exposed,  one  vein 
l)cing  used  for  the  injection  of  labelled  hormone  (0.5  /xg./kg.),*  the  other  for  withdrawal 
of  heparainized  blood  samples  of  I  ml.  each.  The  first  samples  were  taken  one  minute 
after  the  cbmpletion  of  the  injection,  the  others  30,  60,  120,  and  240  minutes  thereafter. 
Aliquots  of  plasma  (0.1  cc.)  were  then  taken  for  counting.  .\t  the  end  of  the  experiment 
tlie  animals  were  killed  by  asphyxiation.  The  brain  and  the  hypophysis  were  removed 
separately,  the  latter  being  divided  into  its  anterior  and  posterior  lobes.  .\11  these  parts 
were  then  hardened  in  a  10%  formalin  solution  for  24  hours.  .After  hardening,  the  brain 
w  as  divided  as  shown  in  Figure  1  and  the  parts  were  blotted  dry,  weighed  on  a  torsion 
balance,  and  placed  in  shell  vials,  with  fresh  formalin  solution.  The  tissues  were  then 
counted,  in  the  vials,  in  a  well-type  scintillation  counter.  The  tissues  from  the  pituitary 
liibes  and  those  from  the  pineal  gland  were  counted  in  the  formalin  in  which  they  were 
fixed. 

Some  of  the  experiments  were  carried  out  with  labelled  triiodothyronine,  others  with 
labelled  thyroxine.  Identical  experiments  were  done  with  radioiodinated  human  serum 
albumin  (RISA)  as  the  injected  material  instead  of  one  of  the  hormones,  in  order  to 
e  tablish  the  approximate  size  of  the  plasma  space  in  the  various  tissues.  The  data 

*  This  is  a  dose  of  approximately  23.7  /xc./'kg.  for  triiodothyronine  and  of  approxi- 
I  ately  10.0  ^c./kg.  for  thyroxine.  Since  the  specific  activity  of  each  shipment  varies 
s  .mewhat,  the  amount  of  radioactivity  in  a  given  dose  of  thyroid  hormone  will  vary. 
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obtained  from  the  RISA  experiments  were  used  to  determine  more  precisely  the  amoun 
of  radioactivity  in  the  plasm^  of  the  tissue  samples  taken  from  animals  which  han 
received  a  labelled  thyroid  hormone.  As  has  been  stated,  the  dose  of  hormone  in  a  t3’j, 
ical  experiment  was  0.5/ig./kg.  (23.7  /ic.  kg.).  In  one  series  of  experiments  with  thj-rox 
ine  a  larger  dose,  consisting  of  4  /ig.  kg.,  was  given.  Experiments  on  single  animal 
which  had  been  given  large  do.ses  (4.0  /zg.  kg.  and  12  /zg.  kg.,  respectively)  of  labeller 
triiodothj’ronine  and  examined  according  to  the  methods  de.scribed  here  had  been  dom 
for  other  purposes  than  those  of  this  study,  but  pertinent  data  from  these  experiment 
are  included  in  this  report  wherever  thej-  apph". 

A  series  of  autoradiographic  experiments  was  also  performed,  in  an  attempt  to  define 


Fig.  1.  An  exploded  view  of  the  rabbit  brain,  showing  the  various  parts  which  were 
studied  for  their  content  of  total  radioactivity  after  the  injection  of  ('’‘-labelled  thyroid 
hormones. 

more  clearlj'  than  was  possible  in  the  other  experiments  the  areas  in  which  the  radio¬ 
active  hormones  were  concentrated.  In  order  to  insure  the  localization  in  the  brain  of  a 
high  enough  intensity  of  radioactivity  to  produce  autoradiographs,  verj'  large  doses  of 
labelled  triiodothyronine  were  used,  each  of  two  rabbits  receiving  approximately  500 
/zc./  kg.  (10  and  11  /zg./kg.,  containing  475  and  520  /zc./kg.,  respectively.)  One  of  the 
animals  was  killed  2  hours  after  the  injection,  the  other  4  hours.  The  brains  were  re¬ 
moved  and  fixed  in  a  10%  formalin  solution.  In  the  second  animal,  the  brain  was  first 
perfused  free  of  blood.  Frozen  sections  from  both  brains  were  cut  at  25|z  and  mounted 
on  slides  previously'  coated  with  a  1%  gelatin  solution,  .\fter  the  slides  had  dried,  they 
were  dipped  into  a  solution  of  1%  celloidin  in  a  50:50  ether-alcohol  mixture  and  allowed 
to  dry  again.  The  slides  were  then  applied  to  Kodak  no-screen  x-ra>'  film  in  an  x-raj’  film 
holder  and  left  to  be  exposed  for  periods  varying  from  6  to  48  hours.  For  a  negative  con¬ 
trol,  similar  preparations  were  made  from  the  brain  of  a  non-injected  animal. 

In  some  experiments,  in  which  a  dose  of  0.5  fig.  or  of  4.0  /zg.  of  triiodothyronine  or 
thyroxine  was  given,  chromatographic  analysis  of  plasma  samples  and  of  unfixed  pitui¬ 
tary  and  brain  tissue  was  done,  .\liquots  of  whole  plasma  or  distilled  water  homogenates 
of  fresh  tissue  were  analyzed  on  ascending  paper  chromatograms.  The  solvent  used  was 
n-butanol-dioxan-ammonia.  After  development  of  the  chromatogram  with  ninhy'drin 
and  palladium  chloride,  the  chromatographic  strips  were  scanned  under  a  gas-flow  count- 
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er.  iie  peaks  obtained  were  related  to  the  location  of  the  known  carrier  substances,  non¬ 
rad  active  triiodothyronine,  thyroxine,  and  iodide.  The  areas  corresponding  to  the 
rad  activity  peaks  of  the  different  I*’'-containing  substances  were  cut  from  the  paper 
and  ounted.  The  resulting  data  were  then  expressed  as  percentages  of  the  total  activity 
pre  nt  on  the  chromatogram  and  indicate  the  relative  composition  of  the  sample  ana¬ 
lyze  .  If  the  samples  to  be  studied  contained  low  concentrations  of  radioactivity  they 
wei  e.xtracted  with  either  n-butanol  or  ethanol.  The  procedure  consisted  of  three  extrac- 
tioi  :  the  first  with  a  double  volume  of  solvent,  and  the  succeeding  two  with  solvent 
volt  nes  equal  to  the  volumes  of  the  material  being  extracted.  These  extractions  resulted 
in  t  e  recovery  of  over  85%  of  the  tissue  radioactivity.  The  alcohol  fractions  were 
poo!  d  and  reduced  in  volume  under  low  pressure  at  room  temperature.  The  concentrated 
soil!  ion  was  then  applied  to  the  paper  for  analysis  and  studied  according  to  the  proce- 
dun  followed  with  the  non-extracted  tissue. 

RESULTS 

111  the  process  of  fixing  the  tissues  in  formalin,  some  of  the  radioactivity 
which  they  had  contained  when  the  animals  were  killed  escaped  into  the 
formalin  solution.  This  activity  was  identified  as  iodide,  by  chromato- 
gra()hic  analysis  of  the  formalin  solution.  The  brain  lost  only  2.5%  of  its 
radioactivity  in  this  manner,  but  the  pituitary  and  the  pineal  glands  lost 
from  20  to  25%.  Since  the  tissues  from  the  pituitary  lobes  and  the  pineal 
gland  were  counted  with  the  formalin  in  which  they  were  fixed,  the  counts 
ol)tained  for  these  locations  reflect  the  total  amount  of  radioactive  sub¬ 
stance  present  in  these  tissues  when  the  animals  were  killed.  The  counts 
for  the  brain  tissue,  however,  are  based  on  only  97.5%  of  the  radioac¬ 
tivity  which  was  present  when  the  animals  were  killed,  as  the  brain  tissues 
were  covered  with  fresh  formalin  after  they  had  been  divided. 

Early  in  the  triiodothyronine  experiments  designed  for  autoradiographic 
analysis,  it  was  noted  that  formalin  appeared  to  enhance  the  binding  of 
thyroid  hormone  to  the  tissue  protein.  Chromatographic  analysis  of  for¬ 
malin-fixed  and  of  fresh  pituitary  homogenates  (Fig.  2)  showed  that  all  the 
radioactivity  in  the  fixed  preparation  remained  at  the  origin,  while  the 
radioactivity  in  the  fresh  tissue  migrated  in  the  expected  manner,  in  this 
instance  to  the  position  occupied  by  carrier  triiodothyronine.  In  control 
experiments,  both  ethanol  and  butanol  were  relatively  ineffective  in  ex¬ 
tracting  the  organic  iodine  compounds  from  fixed  tissues.  The  iodine  could, 
however,  be  extracted  if  the  fixed  tissues  were  dissolved  in  NaOH  and 
acidified  to  pH  3.5.  This  suggested  that  formalin  fixation  immobilized  and 
bound  the  injected  thyroid  hormone  to  the  tissue  in  which  it  was  localized. 
No  losses  from  the  section  were  detected  during  the  sectioning  and  mount¬ 
ing  procedure.  It  was,  therefore,  felt  that  the  foci  of  radioactivity  revealed 
by  the  autoradiographic  procedure  represent,  in  all  probability,  the  actual 
sites  of  localization  of  triiodothyronine  just  prior  to  the  death  of  the  ani- 
mc!. 

'he  Distribution  of  Total  Radioactivity  in  the  Brain  and  the  Hypophysis 
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Fig.  2.  The  chromatographic  separation  of  in  fresh  and  formalin-fi.xed  ral»bit 
pituitary  tissue  after  intravenous  injection  of  I'^'-labelled  triiodothyronine.  T3  =  tri¬ 
iodothyronine;  T4  =  thyroxine ;  F  =  front;  and  C/M=counts  per  minute. 

After  Administration  of  Triiodothyronine.  After  intravenous  injection  of 
P®’-lal)elled  triiodothyronine,  the  radioactive  material  was  rapidly  cleared 
from  the  plasma  (Fig.  3).  This  clearance  was  most  rapid  in  the  first  30 
minutes  of  the  experiment,  during  which  90%  of  the  injected  material  left 
the  circulation.  After  this  initial  removal,  the  concentration  of  plasma  1*’* 
tended  to  level  off  and  to  fall  more  slowly  (Figs.  3  and  4).  These  chani'es 
were  not  reciprocally  reflected  by  the  entry  of  radioactivity  into  the  tis¬ 
sues.  Instead,  the  concentration  in  both  pituitary  lobes  ro.se  relatively 
slowly  and  reached  a  maximum  only  after  about  two  hours.  It  then  de¬ 
creased  slowly  during  the  remainder  of  the  experiment  (Fig.  3).  The  m*  an 
radioactivity  of  the  diencephalon  and  the  remaining  brain  (Fig.  4)  readied 
a  peak  at  one  hour  and  tended  to  maintain  this  concentration  despite  a  f  dl- 
ing  plasma  radioactivity.  This  pattern  of  uptake  was  reflected  in  the  v  ri- 
ous  areas  of  the  brain  studied  in  the  experiments  (Table  1).  There  is  a  s  tg- 
gestion  that  the  decline  of  radioactivity  between  the  time  of  peak  acti\  ty 
and  the  fourth  hour  of  the  experiment  was  slowest  in  the  diencepha  on 
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Fig.  3.  The  concentration  of  I‘®‘  in  the  pituitary  and  plasma  after  the  intravenous 
injection  of  0.5  /xg./kg.  of  triiodothyronine  at  various  time  intervals.  The  crosses,  dots, 
and  triangles  indicate  individual  values — crosses  for  the  posterior  pituitary  lobe,  dots 
for  the  anterior  pituitary  lobe,  and  triangles  for  the  plasma. 


Table  1.  The  concentration  of  total  radioactivity  in  the  brain  of  the 
RABBIT  AT  VARIOUS  TIMES  AFTER  THE  INTRAVENOUS  INJECTION  OF  0.5  IXG./KG. 
OF  I”'  LABELLED  TRIIODOTHYRONINE 


Time 

30  minutes 

60  minutes 

105  minutes 

240  minutes 

Xo.  of  animals 

3 

2 

3 

4 

%  dose/gm. 

%  dose/gm. 

%  dose/gm. 

%  dose/gm. 

.\nterior  Cerebrum 

0.035 

0.042* 

0.026 

Piisterior  Cerebrum 

0.009 

0.035 

0.040 

0.028 

Olfactory  Area 

0.034 

0.034* 

0.024 

C'Tebellum 

0.011* 

0.043 

0.041 

0.031 

Chiasmic  Diencephalon 

T'lberal  Diencephalon 

0.015 

0.020 

0.032 

0.038 

0.039 

0.041 

0.029 

0.035 

^’ammillary  Diencephalon 

0.020 

0.0.37 

0.035 

0.0.35 

N'esencephalon 

0.012* 

0.039 

0.039 

0.028 

P  ms 

0.012* 

0.038 

0.037 

0.0,32 

^’edulla 

0.010* 

0.038 

0.033 

0.028 

Value  from  only  one  animal. 
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(Fig.  4),  particularly  in  the  mammillary  body,  and  was  perhaps  most  ra  )i(l 
in  the  cerebrum  (Table  1). 

In  some  cases  the  gray  and  the  white  matter  of  the  cerebrum  were  s  p- 
arated  and  the  radioactivity  measured.  The  gray  matter  was  found  to  c  m- 
tain  about  twice  as  much  radioiodine  as  the  white.  In  order  to  test  tliis 
apparent  relationship  between  concentration  of  radioactivity  and  giay 


Fig.  4.  The  concentration  of  I'*'  in  the  diencephalon,  brain  remainder,  and  plasma 
after  the  intravenous  injection  of  I'*'-labelled  triiodothyronine  at  various  time  intervals. 
The  crosses,  dots,  and  hollow  circles  indicate  the  mean  values  for  plasma,  diencephalon, 
and  brain  remainder,  while  the  triangles  (diencephalon)  and  squares  (brain  remainder) 
indicate  individual  values. 


matter  content,  the  autoradiographic  studies  previously  described  were 
undertaken.  Since  the  size  of  the  dose  had  been  found  to  have  no  significiuit 
effect  on  the  pattern  of  distribution  of  the  hormone  (Table  2),  it  v  a.s 
thought  safe  to  conclude  that  even  with  the  high  doses  of  triiodothyronine 
used  to  produce  autoradiographs  (10  and  11  Mg-/kg.,  respectively)  a  dis¬ 
tribution  would  be  achieved  corresponding  to  that  produced  by  the  i'.5 
Mg./kg.  doses  given  in  the  typical  experiments.  The  autoradiographic  e- 
sults  are  showm  in  Figure  5  (Sections  1-12).  Perfu.sion  of  the  brain  in  c  le 
animal  did  not  alter  the  pattern  of  distribution  of  the  radioactivity;  i  )r 
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Fig.  5.  .\n  autoiiKlionraphic  representation  of  the  sites  of  localization  of  I'”  in  the 
rabbit  brain  after  injection  of  1 ’’'-labelled  triiodothyronine:  1,  Coronal  section  of  the 
cerebrum;  2,  Sagittal  section  through  the  vermian  cerebellum;  3,  Pituitary;  4,  Chiasmic 
dicncephalon;  5-S,  Coronal  sections  through  the  tuberal  diencephalon;  9,  Coronal  sec¬ 
tions  through  the  diencephalon  at  the  mammillary  body;  10,  Coronal  section  through 
ti  e  superior  colliculus;  11,  Coronal  section  through  the  open  medulla  oblongata;  and 
IJ,  Coronal  section  through  the  spinal  cord.  .\P  =  anterior  pituitary;  Caud.  =  caudate 
ni.cleus;  SC  =  superior  colliculus;  Tub.C.  =  tuber  cinereum;  Vest.  =  vestibular  nuclei; 
N  =  vagal  nuclei;  and  XII  =  hypoglos.sal  nucleus. 
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was  there  loss  in  activity  clue  to  clipping  of  the  slides  in  the  celloclin-ethc  r- 
alcohol  mixture.  The  results  indicate  that  the  radioactivity  concentrated  n 
the  brain  was  predominantly  associated  with  the  nuclear  areas.  The  hea'  i- 
est  concentrations  in  the  brain  occurred  in  the  diencephalon,  in  the  arc  is 
occupied  by  the  median  eminence  and  the  paraventricular  nucleus  (Fig.  >, 
Sections  5-8),  but  the  most  positive  autoradiographic  reactions  occurii  d 
over  the  neurohypophysis  and,  somewhat  less  positive,  over  the  adenoh/- 


Tabi.e  2.  The  distribltiox  ok  rahioiodi.ve  ix  the  rabbit  braix  and  pitcitarv 

FOI  R  HOI  RS  AFTER  VARIOLS  DOSES  OF  I.ABEI.LED  TRIIODOTHYROXIXE 


%  do.se/  gm. 

0.5  MK  /kg. 

4  MR./kg.  ' 

12  MK  'kg.t 

No.  of  animals 

4 

4 

1 

Plasma 

().05(» 

0.057 

0.045 

.\nU‘rior  Pituitarv  Lobe 

0.47 

0.88* 

i  0.20 

Posterior  Pituitary  Lolie 

1  .80 

2.07* 

'  1.52 

Dieneephaloii 

0.0H2 

0.041 

0.058 

Cerebrum 

0.020 

0.042 

0.058 

I  *  Values  from  two  animals  only. 

f  t  ttiven  in  three  divided  doses  of  4  each,  at  half-hour  intervals  from  the  start  of 

the  e.xperiment. 

pophysis  (Fig.  5,  Section  3).  Chromatographic  analysis  of  the  brain  tissue 
showed  that  the  radioactivity  was  predominantly  in  the  form  of  triiodo¬ 
thyronine  (Fig.  6).  Thus,  these  autoradiographs  represent  the  localization 
^  of  triiodothyronine  in  the  brain.  Since  the  control  preparations,  after  a  16S- 

hour  exposure,  did  not  produce  any  blackening  of  the  film,  the  possibility 
of  artifactitiou.sly  produced  autoradiographs  through  chemical  action  of 
the  section  on  the  emulsion  can  be  ruled  out. 

Comparison  of  the  Distribulion  of  Labelled  Thyroxine  and  Triiodothy¬ 
ronine.  In  the  first  of  the  two  series  of  experiments  with  labelled  thyroxine*, 
three  animals  were  injected  with  a  close  of  the  .same  .size  as  that  used  in 
the  typical  triiodothyronine  experiments  and  were  killed  about  105  min¬ 
utes  after  injection.  This  interval  was  the  period  during  which  maximal 
uptake  had  occurred  after  triiodothyronine  injection  (see  Fig.  3).  The 
rates  of  uptake  of  the  two  .sub.stances  during  this  period  are  shown  in 
Table  3. 

Here  it  is  seen  that  the  mean  level  of  radioactivity  in  the  plasma  of  th  * 
thyroxine-treated  animals  was  about  six  times  as  high  as  in  those  treate  I 
with  triiodothyronine.  Despite  this,  the  concentration  of  radioiodine  in  th  * 
pituitary  and  various  parts  of  the  brain  after  thyroxine  injection  was  only 
a  third  to  a  half  as  great  as  that  found  after  administration  of  an  equiva 
lent  close  of  triiodothyronine.  Thus,  the  ti.ssue-to-plasma  concentratio 
gradients  were  from  twelve  to  eighteen  times  greater  in  the  triiocloth} 
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roll  iie-treated  animals  (Table  3)  than  in  those  treated  with  thyroxine.  It 
wa^  thought  possible  that  these  differences  were  due  to  a  slower  tissue- 
upt  ke  after  thyroxine.  That  this  was  unlikely  for  the  brain  is  shown  by 


T  ,  . 

»•»*  M 

C  A.  ixp  7-sr 


CCMSAUM 


o^- 


XI* 

Fig.  6.  Two-dimensional  chromatogram  showing  the  I'’‘-containing  compounds 
|)ros3nt  in  the  cerebrum  (A)  and  diencephalon  (B)  after  intravenous  injection  of  4  /ig./kg. 
of  I'’'-labelled  triiodothyronine.  BDA  =  n-butanol-dioxane-ammonia,  Solvent  1;  C.A. 
=  collidine-ammonia,  Solvent  2;  T3  =  triiodothyronine;  1%  =  thyroxine;  I~  =  iodide.  The 
ariows  in  A  indicate  the  location  of  two  spots  which  were  visible  on  the  x-ray  film. 
TIj"  position  of  these  spots  does  not  conform  to  that  of  any  of  the  known  metabolites 
of  ‘he  thyroid  hormone. 

the  results  of  the  second  series  of  experiments  with  thyroxine  (Table  4), 
ill  which  for  purpo.ses  of  biochemical  analysis  a  larger  dose  had  been  in- 
jet  ted.  The  data  show  that  the  r**-uptake  in  parts  of  the  brain  after  injec- 
ti(  n  of  4.0  Mg-  /  kg.  of  thyroxine  had  reached  a  level  at  one  hour  which  re- 
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Table  3.  A  comparison  ok  the  distribution  of  tissue  radioactivity  105  minu  es 

AFTER  INTRAVENOUS  ADMINISTRATION  OF  0.5  iiG./kG.  OF  LABELLED  TRIIODOTHYRONINI 

OB  THYROXINE 


T.* 

%  dose 

gin. 

T,* 

%  dose 

gm. 

Ratii 

of 

Animal  No. 

n 

r,* 

P3 

P5 

P7 

Mean 

o/pt 

Pll 

P12 

P14 

Mean 

opt 

T.*“t(' 

Plasma 

0.10 

O.IO 

0.11 

0.10 

0.54 

0.22 

1.22 

0.66 

0.] 

) 

•Anterior  Pituitary  Lobe 

0.79 

0.69 

0.76 

0.75 

7.5 

0.31 

0.11 

0.36 

0.26 

0.39 

2.! 

Posterior  Pituitary  Lobe 

2.00 

2.10 

2.81 

2.30 

23.0 

0.61 

0.59 

1 .46 

0.89 

1.34 

2.f 

Cerebrum 

0.042 

0.040 

0.041 

0.41 

0.019 

0.005 

0.019 

0.014 

0.021 

2.<. 

Cerebellum 

0.043 

0.033 

0.048 

0.041 

0.41 

0.019 

0.(K)8 

0.024 

0.017 

0.026 

2.4 

Chiasmic  Dienrephalon 

0.031 

0.032 

0.035 

0.033 

0.33 

0.021 

0.005 

0.022 

0.016 

0.024 

2:1 

Tuberal  Diencephalon 
Mammillary 

0.042 

0.0.37 

0.044 

0.041 

0.41 

0.020 

0.(K)4 

0.022 

0.015 

0.023 

2.7 

Dienrephalon 

0.0.36 

0.033 

0.036 

0.035 

0.35 

0.020 

0.004 

0.027 

0.017 

0.026 

2.1 

Mesencephalon 

0.041 

0.034 

0.042 

0.039 

0.39 

0.014 

0.005 

0.021 

0.013 

0.020 

.3.0 

Pons 

0.041 

0.031 

0.039 

0.037 

0.37 

0.015 

0.006 

0.023 

0.015 

0.023 

2.5 

Medulla 

0.038 

0.025 

0.045 

0.036 

0.36 

0.016 

0.008 

0.018 

0.014 

0.021 

2.6 

♦  Ti  and  Ti  indicate  Triiodothyronine  and  Thyroxine,  respectively, 
t  o  p  indicates  or^an  plasma  ratio. 


mained  more  or  less  constant  over  the  subsequent  three  hours  and  was  of 
the  same  order  of  magnitude  as  the  uptake  after  0.5  iug./  kg.  of  thyroxine 
(Table  3).  In  the  pituitary  lobes,  after  the  larger  dose  of  thyroxine  (Table 
4)  the  peak  uptake  would  appear  to  have  occurred  between  the  first  and 
.second  hours  after  the  administration  of  the  do.se,  after  which  its  level 
remained  constant.  The  level  of  concentration  of  triiodothyronine  had 
shown  a  slow  decline  after  reaching  its  peak  at  two  hours  (Fig.  3).  However, 
the  rate  at  which  both  hormones  achieve  their  peak  tissue  concentration 
appears  to  be  .similar.  It  would  seem,  then,  that  after  equivalent  doses  of 
triiodothyronine  and  thyroxine  (0.5  /ug./kg.),  the  shapes  of  the  uptake 
curves  to  the  peak  point,  though  not  the  level  of  peak  concentration,  are 
.sufficiently  similar  to  .substantiate  the  comparison  shown  in  Table  3.  How¬ 
ever,  while  peak  concentration  in  the  tissues  was  achieved  in  the  same 
period  of  time  by  the  two  hormones,  the  rate  of  metabolic  degradation 
was  apparently  fa.ster  for  triiodothyronine  than  for  thyroxine. 


Table  4.  The  distribution  of  radioiodine  in  the  rabbit  brain  and 

HYPOPHYSIS  AT  VARIOUS  TIMES  AFTER  INTRAVENOUS  ADMINISTRATION 

OF  4  |ig./kg.  of  labelled  thyroxine 


Time 

60  minutes 

120  minutes  | 

240  minutes 

No.  of  animals 

1 

1  1 

Percentage  of  the  dose  per  gram 

Plasma 

0.49 

0.32 

0.34 

.\nterior  Pituitarv  Lobe  1 

0.11 

0.13 

0.14 

Posterior  Pituitary  Lobe 

0.33 

0.58 

0.58 

Chiasma  Diencephalon 

0.008 

'  0.005 

0.015 

Infundibular  Diencephalon 

0.014 

1  0.009 

0.014 

Mammillary  Diencephalon 

0.012 

1  0.006 

1 

0.014 
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'he  Effect  of  the  Size  of  the  Dose  on  Uptake.  As  was  noted  above,  there 
wf:  ■  little  difference  in  the  percentage  of  the  dose  taken  up  (cf.  Tables  3 
an  I  4)  after  the  injection  of  various  doses  of  thyroxine.  A  similar  result 
\vi  '  noted  in  the  case  of  triiodothyronine  when  doses  of  0.5,  4.0,  and  12.0 
/ig  kg.  were  compared  (Table  2).  The  range  of  individual  values  was  large 
en  ugh  that  any  differences  seen  in  the  means  would  not  be  statistically 
sij.  lificant.  It  is  evident  that,  within  the  limits  of  dosage  used,  the  amount 
of  either  thyroxine  or  triiodothyronine  taken  up  at  the  various  sites  was 
proportional  to  the  levels  of  the  two  hormones  in  their  respective  meta- 
bo  ic  spaces.  Thus,  the  capacity  of  a  tissue  to  concentrate  more  activity 
af'er  triiodothyronine  than  after  thyroxine  was  not  affected  by  the  dose 
le.el. 

I'he  Chemical  Nature  of  the  Radioiodine  in  the  Tissues.  The  chemical 
nature  of  the  radioactivity  in  the  tissues  and  the  plasma  was  examined  by 
paper  chromatography.  The  re.sults  of  these  examinations  are  illustrated 
in  Figures  7  and  8.  In  these  figures,  the  fraction  labelled  ‘‘residue”  repre- 
sciits  total  activity  measurable  in  those  parts  of  the  paper  which  remained 
after  the  areas  with  known  carrier  substances  had  been  removed.  In  the 
cliromatographic  scans  this  residue  activity  was  not  seen  as  a  discrete  peak 
but  was  diffusely  distributed  throughout  the  paper. 

From  Figure  7  it  may  be  .seen  that  after  injection  of  triiodothyronine  the 
proportion  of  the  plasma  identifiable  as  triiodothyronine  steadily  de¬ 
creased  as  the  experiment  proceeded,  reaching  an  average  level  of  45%. 
This  decrea.se  was  accompanied  by  an  increase  in  the  proportion  of  radio¬ 
iodine  present  as  iodide.  In  the  pituitary,  on  the  other  hand,  about  60% 
of  the  in  both  lol)es  was  present  as  triiodothyronine,  and  this  high  level 
was  maintained  in  hypophyses  sampled  over  the  four-hour  experimental 
period.  Similarly,  the  cerebrum  and  the  diencephalon  at  four  hours  after 
triiodothyronine  injection  contained  predominantly  triiodothyronine  (Fig. 
()).  In  the  chromatogram  of  cerebral  tissue  twm  faint  spots  were  noted  in 
the  areas  indicated  by  the  arrows.  The.se  do  not  correspond  to  the  locations 
of  any  of  the  known  triiodothyronine  derivatives  and  are  clearly  remote 
fiom  the  localization  of  its  acetic  and  propionic  analogues. 

.\fter  thyroxine  injection,  the  plasma  radioactivity  was  predominantly 
in  the  form  of  thyroxine  (Fig.  8)  and  constituted  over  88%  of  the  activity 
present  during  the  course  of  the  experiment.  In  the  hypophysis,  between 
bO  and  80%  of  the  radioiodine  was  identified  as  thyroxine  and  between  6 
and  20%  as  triiodothyronine.  While  chromatograms  of  the  one-minute 
plasmas  of  thyroxine  failed  to  show  any  peak  in  the  triiodothyronine  area, 
it  is  possible  that  some  contaminant  triiodothyronine  may  have  been  the 
precursor  of  that  found  in  the  pituitary  gland. 

From  the  inten.sity  of  the  spots  in  Figure  6  and  from  other  unpublished 
analytical  data,  it  was  estimated  that  between  90  and  96%  of  the  radio- 
i  dine  concentration  in  the  brain  after  injection  of  triiodothyronine  or 


428 


FORI)  AND  GROSS 


Voluii  s  Ul 


thyroxine  could  be  identified  as;  the  particular  iodothyronine  injec  ed. 
From  these  percentages  and  those  shown  above  for  the  pituitary  it  vas 
possible  to  calculate  the  percentage  of  the  dose  present  as  either  thyro'  ine 
or  triiodothyronine.  At  105  minutes  after  the  injection  of  triiodothyron  ne, 
an  average  of  50%  of  the  plasma  radioactivity  was  identifiable  as  trii(  ilo- 


Fig.  7.  A  graphic  representation  of  the  chromatographic  analj'sis  of  the  various 
metabolites  of  I*®*-labelle(l  triiodothyronine  in  the  pituitary  and  plasma.  The  residue  is 
that  fraction  of  radioactivity  measurable  in  the  parts  of  the  chromatogram  which 
remains  after  the  areas  with  known  carrier  sub.stances  have  been  removed.  The  dosage 
for  all  animals  represented  here  was  0.5  /jg./  kg.  e.xcept  in  two  cases,  for  which  the  dose 
in  /ig./kg.  is  indicated  by  the  numbers  in  parenthesis  at  the  tops  of  the  columns. 

thyronine.  At  this  time,  the  concentration  of  total  radioactivity  was  10% 
of  the  dose  per  gram  (cf.  Table  3).  The  concentration  of  triiodothyronine 
in  the  plasma  would  then  be  50  lOOX.lO  =  .05%  of  the  dose  per  gram.  "I  he 
data  obtained  in  this  way  are  given  in  Table  5.  In  addition,  concentration 
gradients  were  obtained  by  calculating  the  ratio  of  the  concentration  in  an 
organ  to  the  concentration  in  the  plasma  at  the  .same  time  (organ  plas  na 
ratio).  Ratios  thus  obtained  are  also  included  in  Table  5  and  are  compa.ed 
with  similar  ratios  calculated  after  the  injection  of  doses  of  radioiodina'ed 
human  serum  albumin  (RISA).  The  latter  ratios  were  expected  to  give  an 
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e  imate  of  the  proportion  of  the  organ  radioiodine  which  conld  l)e  at- 
ti  huted  to  plasma  remaining  in  the  sample. 

Analysis  of  the  figures  in  Table  5  indicates  the  following  points:  [1)  High 
c  icentration  ratios  of  triiodothyronine  were  maintained  by  both  the 
f  uitary  gland  and  the  brain,  and  the  gradients  thus  produced  tended  to 
1  come  steeper  with  time  (cf.  triiodothyronine  o  p  ratios  after  O.o  /xg.  kg. 
&■  10.5  and  240  minutes  shown  in  Table  o).  The  slopes  of  the  gradients  at 
p  5  and  240  minutes  indicate  that  uptake  was  more  rapid  than  degrada- 
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Fig.  8.  A  graphic  representation  of  the  chromatographic  analysis  of  the  various 
metabolites  of  I‘®'-labelled  thyroxine  in  the  pituitary  and  plasma  after  a  dose  of  4  /xg. 
,  kg.  Residue  is  calculated  as  in  Figure  7. 


lion.  The  gradients  were  of  much  the  .same  .slope  when  an  eight-time.s-a.s- 
large  dose  of  triiodothyronine  was  injected  (cf.  ratios  at  240  minutes  after 
do.ses  of  0..5  /ig.  and  4  /xg.  kg.,  respectively).  {2)  After  thyroxine,  the  con¬ 
centration  ratios  were  considerably  lower,  being  only  1  .50th  and  1  30th 
the  ratios  of  triiodothyronine  in  the  pituitary  gland  and  the  brain,  respec¬ 
tively  (Table  5),  and  their  gradients  showed  much  less  elevation  with  in¬ 
creased  time.  This  .suggests  that  the  rate  of  uptake  and  degradation  may  be 
nore  nearly  balanced  than  with  triiodothyronine,  uptake  onh'  slightly 
<  'cceeding  degradiation.  The  highest  concentration  occurred  in  the  neuro- 
1  vpophysis.  In  the  other  tissues  the  ratios,  while  rather  low,  exceeded 
’  io.se  obtained  after  RISA  injection.  Thus,  the  values  were  not  a  reflection 
' :  the  plasma  radioactivity  which  might  have  remained  in  the  .samples  at 
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tlie  time  of  preparation,  Init  indicated,  rather,  tlie  movement  of  thyrox  le 
into  an  extravascular  space.  The  extent  of  this  space  is  considerably  1  ss 
than  the  extracellular  space,  if  one  accepts  for  the  water  space  in  the  hr;  in 
the  reported  ratios  for  radioactive  sodium  and  chloride  of  0.1 1  at  one  Ik  ,ir 
and  0.33  at  12  hours  after  injection. 

Miscellaneous  Observations.  From  calculations  similar  to  those  oiitlin  >(1 
above,  it  can  be  shown  that  at  four  hours  there  was  a  concentration  of 

Table  5.  The  ijistribition  he  chromatographically  identifiable 

TRIIODOTHYRONINE  OR  THYROXINE  AT  VARIOUS  TIMES  AFTER 
VARIOUS  INJECTED  DOSES 


(A)  At  105  miiuites  after  injection 


Ts*  0.5 

1  'l\*  0.5  mK-  k)?- 

Ratio  of 
coiiceiitratioii 
of  Tj  to  Tj 

'  RISAt 

1  .  .  _ 

%  dose/gm.,  o  pt 

%  do.se/gm.  o/pt 

o  pi 

Plasma 

0.0.50  1 

,  0..58  1 

0.08*> 

1 

.\ntcrior  Pituitary 

l.obe 

0.07  18 

0.18  0.81 

8 . 72 

0.08 

Posterior  Pituitary 

Lobe 

2.00  41 

0.02  1.1 

8.88 

0.00 

Diencephaloii 

0.084  0.7 

0.015  0.08 

2.27 

0.004 

C'erebrum 

0.080  O.S 

0.018  0.02 

8.0 

0.008 

(B)  At  240  minutes  after  injection 


1 

1  T,*  0.5  mK-  kg. 

T,*  4  Mg-  kg. 

T4*  4  Mg.  kg.  1 

RISA: 

%  dose 

gm.  '* 

%  dose/ 
gm. 

opt 

%  dose 
gm.  1 

o  pt 

o  pt 

Plasma 

0.025  1 

0.025 

1 

0.80 

1 

1 

.Anterior  Pituitary 
Lobe 

0 . 42  1 7 

0.84 

14 

0.10 

0.88 

0.00 

Posterior  Pituitary 
Lobe 

1 .07  07 

1  .80 

75 

0.41 

1  .4 

0.00 

Diencephalon 

0.080  1.2 

0.080 

1  .5 

0.018 

0.04 

O.OOti 

Derebrum 

0.025  1 

0.040 

1  .0 

1  0.018 

0.04 

0.001 

*  Ti  ami  T*  indicate  Triiodothyronine  and  Thyroxine,  respectively. 

(%  l)ose/gm.  organ  \ 

-  -  I  • 

%  Dose/gm.  plasma/ 

t  The  R1S.\  (radio  iodinated  serum  albumin)  o/p  ratios  are  included  to  indicate  the 
relative  size  of  the  plasma  space  as  compared  with  the  thyroid  hormone  spaces. 


iodide  in  the  neurohypophysis  and  possibly  also  in  the  adenohypophysis 
after  triiodothyronine  administration.  The  o  p  ratios  were  about  1.5  for 
the  posterior  lobe  and  0.65  for  the  anterior  lobe. 

In  a  single  animal,  the  pineal  gland,  the  superior  cervical  ganglion,  ai  d 
the  cerebrospinal  fluid  were  examined  four  hours  after  injection  of  triiodo¬ 
thyronine  (8.0  Mg-  kg.).  The  values  obtained  were  0.067,  0.044,  and  0.001'  o 
of  the  injected  dose,  respectively.  The  corresponding  organ-plasma  ratios 
were  1.9,  1.3,  and  0.02.  The  very  low  concentration  of  radioactivity  inti  e 
cerebrospinal  fluid  has  been  a  consistent  finding  in  other,  unpublished,  e'  - 
periments  with  other  species,  and  the  source  of  the  activity  has  been  ident  - 
fled  chromatographically  as  iodide. 
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The  results  presented  here  may  be  best  discussed  in  relation  to  the 
ir.  tabolism  of  endogenously  formed  thyroid  hormone  by  the  rabbit  hy- 
p.  ohysis  and  the  brain.  Information  on  this  subject  has  been  obtained 
fr  in  experiments  in  which  tracer  radioactive  iodide  is  administered  to 
la  lel  the  substrate  pool  for  hormonogenesis.  The  endogenous  hormone  thus 
la  elled  cm  then  be  detected  as  organic  iodide,  and  its  accumulation  In¬ 
ti  3  tissues  under  inve.stigation  can  be  followed.  Iodide  itself  does  not  ap- 
pi  ar  to  be  concentrated  by  rabbit  pituitary  or  brain  at  either  two  hours 
(4  i  or  four  hours  (5).  At  later  times  (6),  a  concentration  of  radioactivity 
il  the  hypophysis  can  be  demonstrated.  It  disappears  after  thyroidectomy. 
S;  nilar  findings  have  lieen  reported  for  the  rat  and  the  guinea  pig  (7).  Re¬ 
el  iitly  Sloviter  and  Morel  (8)  have  further  clarified  this  metabolic  process 
1)>  showing  in  iodine-deficient  rabbits  that  48  hours  after  injecting  radio- 
iiolide  there  was  a  concentration  of  organic  iodine  in  both  the  posterior 
and  anterior  hypophy.seal  lobes,  the  organ  plasma  ratios  being  3.2  (6.2  to 
1.3)  and  0.8  (1.4  to  O.oO),  respectively.  Moreover,  they  demonstrated  a 
concentration  of  iodide  in  the  posterior  lobe.  The  conclusion  from  these 
experiments  would  be  that  the  thyroid  hormone  is  concentrated  in  the 
posterior  hypophysis  at  least  and  is  deiodinated  there. 

It  may  be  assumed  that  the  predominant  hormonal  substance  in  the 
blood  is  thyroxine,  and  that  the  organ  plasma  ratios  for  the  hypophysis 
olitained  after  the  administration  of  0,5  ng.  kg,  of  radioactive  thyroxine 
(Table  3)  should  approximate  the  values  for  the  endogenously-formed  hor¬ 
mone.  The  values  after  injection  of  labelled  thyroxine  were  1.3  for  the 
posterior  and  0.4  for  the  anterior  lobe.  Courrier  et  al.  (9)  reported  values  of 
3.2  and  0.4  after  a  dose  of  about  1.3  jug./kg.  of  labelled  thyroxine  at  the 
same  time  interval  after  injection  (120  minutes),  while  Taurog  et  at.  (10), 
in  their  time  study  after  administration  of  about  20  Mg-,  kg.  of  thyroxine, 
obtained  roughly  equivalent  ratios  up  to  thirty  hours  after  injection.  While 
most  of  the  concentration  ratios  for  the  po.sterior  lobe  after  thyroxine  in¬ 
jection  fall  within  the  range  of  the  concentrations  of  the  endogenous  hor¬ 
mone  (6.2  to  1.3),  the  endogenous  hormone  ratios  for  the  anterior  lobe  (1.4 
to  0,5)  indicate  a  concentration  of  hormonal  iodine  greater  than  that  after 
exogenous  thyroxine  administration  (0.4).  This  concentration  might  be  ex¬ 
plained  on  the  assumption  that  part  of  the  endogenous  hormonal  iodine 
in  the  plasma  is  present  as  triiodothyronine,  a  not  unlikely  possibility  in  an 
i'xline-deficient  animal.  It  is  more  likely,  however,  that  most  of  the  organic 
i  idine  found  in  the  pituitary  gland  during  metabolism  of  the  endogenous 
t  ivroid  hormone  is  present  as  thyroxine. 

There  has  been  some  question  as  to  whether  there  is  any  entry  of  thy- 
I  )xine  into  the  anterior  lobe  of  the  hypophy.sis.  In  the  experiments  reported 
)  ere,  it  was  thought  that  the  small  concentrations  of  thyroxine  found  in 
t  ie  adenohypophysis  might  be  attributable  to  the  plasma  trapped  within 
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the  tissue  wlien  the  animals  were  killed.  However,  when  the  plasma  co’  - 
tent  was  determined  through  the  use  of  radioiodinated  serum  album  i 
(Table  5),  the  thyroxine  space  was  found  to  be  about  four  times  as  lar.  e 
as  the  plasma  space.  It  is  evident,  therefore,  that  there  is  an  extravascul  r 
compartment  for  thyroxine  in  the  adenohypophysis.  It  is  not  certain  i.j 
what  extent  this  space  is  intracellular,  although  from  the  autoradiograpl  s 
of  Jensen  and  Clark  (5)’  and  from  similar  .studies  in  the  guinea  pig  (Foi  1 
and  Gross,  unpublished),  it  would  appear  to  be  diffusely  distributed  ov(  r 
the  parenchyma  of  the  gland.  While  the  thyroxine  .space  is  usually  equiv;.- 
lent  to  or  perhaps  a  little  smaller  than  the  sodium  space  (cf.  Results,  tli.s 
paper,  and  Courrier  ct  al.,  9),  it  does  not  necessarily  follow  that  thyroxine 
is  distributed  predominantly  in  the  interstitial  areas.  Circulating  thyroxine 
is  bound  to  plasma  proteins  (11)  and,  being  non-dialyzable,  would  not  be 
expected  to  be  distributed  in  the  tissues  in  the  same  pattern  as  a  freely  dif¬ 
fusible  ion.  Further,  the  level  of  thyroxine  concentration  in  this  space  is 
roughly  proportional  to  the  level  of  plasma  thyroxine,  since  the  percentage  s 
of  the  dose  present  at  two  hours  after  admini.st ration  of  either  0.5  or  4 
Mg./  kg.  are  similar;  that  is,  0.18%  and  0.13%,  respectively  (.see  Tables  4 
and  5).  Rough  calculations  from  the  data  of  Taurog  et  al.  (10,  Table  4) 
would  indicate  that  this  is  also  the  case  with  higher  dosages.  In  view  of  the 
demonstration  that  thyroxine  injected  directly  into  the  anterior  lobe  of  the 
rabbit  pituitary  gland  affects  the  production  of  thyroid-stimulating  hor¬ 
mone  (TSH)  (12),  and  in  view  of  the  well-established  quantitative  relation¬ 
ship  between  thyroxine  levels  of  the  circulating  plasma  and  TSH  produc¬ 
tion,  it  is  likely  that  the  thyroxine  space,  or  compartment,  although  rela¬ 
tively  small,  is  of  biological  importance. 

In  following  the  metabolism  of  thyroxine  by  the  pituitary  gland,  it  was 
possible  to  demon.strate  the  presence  of  triiodothyronine  in  both  lobes 
(Fig.  8).  This  triiodothyronine  could  have  been  produced  by  the  deiodina- 
tion  of  thyroxine,  a  conjecture  which  would  substantiate  the  findings  of 
Sloviter  and  Morel  (8)^  for  the  posterior  lobe.  The  other  possible  source 
could  be  the  plasma,  where  triiodothyronine  might  have  been  present  as 
(a)  a  contaminant  of  the  injected  thyroxine,  or  (b)  a  thyroid  secretion,  or 
(c)  a  product  of  the  deiodination  of  thyroxine  elsewhere  in  the  body.  The 

*  It  is  likely  that  the  preparations  of  radioactive  thyroxine  used  by  Jensen  and  Clark 
contained  some  contaminant  triiodoth3'ronine,  since,  at  the  time  when  these  experiment'- 
were  carried  out,  the  purification  methods  available  did  not  affect  the  separation  of  the 
two  compounds.  In  view  of  this  possibilitj'  and  the  greater  concentration  of  triiodo- 
th.vronine  b>'  neural  tissues,  it  maj'  be  that  some  of  the  autoradiographic  reaction  in 
the  hvpophysis  of  nervous  tissue  illustrated  by  these  authors  was  due  to  triiodothyronine 

*  It  is  likely  that  in  the  experiments  of  Sloviter  and  Morel  there  was  also  some  con 
centration  of  iodide  in  the  anterior  lobe  of  the  pituitary  after  the  course  of  the  metabolisn 
of  endogenously-formed  thyroid  hormone,  since  they  reported  organ/plasma  ratios  foi 
inorganic  iodide  of  0.62  (from  0.44  to  0.85)  as  against  ratios  of  0.3  (from  0.26  to  0.30' 
after  radioactive  iodide  injection,  as  given  in  the  paper  bj"  Taurog  et  al.  (8). 
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fir  two  suggested  sources  of  plasma  triiodothyronine  seem  unlikely,  since 
tri'  >dothyronine  could  not  be  detected  on  the  chromatograms  of  the  plasma 
sai  pies.  The  third  source  cannot  be  ruled  out  at  the  present  time;  we 
ni;  .•  be  concerned  here  with  a  transport  form  of  triiodothyronine  with  a 
ch  unatographic  migration  different  from  that  of  free  triiodothyronine, 
th  existence  of  which  has  been  suggested  (13). 

lie  findings  on  the  distribution  and  metabolism  of  triiodothyronine  rep- 
nt  an  extension  and  elaboration  of  preliminary  work  reported  earlier 
In  .he  authors  (14,  15)  and  are  in  agreement  with  similar  studies  by  Cour- 
rk  et  al.  (9)  and  Taurog  et  al.  (10).  The  shape  of  the  uptake  curves  (Figs. 
3  1  id  4)  may  reflect  a  slow  rate  of  concentration  in  a  large  tissue  pool  with 
a  >.ow  turnover.  There  is,  however,  evidence  that  a  triiodothyronine  com- 
pli  \  is  formed  in  the  liver,  and  perhaps  in  the  kidney,  and  that  it  may  be 
se(  ;eted  back  into  the  circulation,  where  it  constitutes  the  precursor  of  the 
trii  idothyronine  concentrating  in  the  other  body  tissues.  The  curve  of  ap¬ 
pearance  of  this  sub.stance  in  the  blood  (13)  bears  a  good  precursor  relation¬ 
ship  to  the  uptake  curves  shown  in  Figures  3  and  4. 

With  further  regard  to  the  metabolism  of  triiodothyronine,  it  is  clear 
from  Figures  (i  and  7  that  triiodothyronine  itself  is  concentrated  in  the 
hypophysis  and  the  brain.  The  concentration  of  iodide  in  both  lobes  of  the 
pituitary  would  indicate  that  deiodination  of  triiodothyronine  takes  place 
at  these  sites.  (See  the  discussion  on  the  deiodination  of  endogenous  hor¬ 
mone  given  above.)  In  the  cerebrum  and  the  diencephalon  (Fig.  (i)  the 
pn'dominant  radioactive  component  is  triiodothyronine.  There  were  in¬ 
sufficient  quantitative  chromatographic  data  to  determine  whether  or  not 
deiodination  occurred  in  these  locations.  Unpubli.shed  experiments  on 
guinea  pig  brain  m  vivo,  however,  and  the  re.sults  obtained  by  Tata  and  his 
associates  (16)  on  brain  slices  in  vitro  would  indicate  that  deiodination 
probably  does  occur.  It  may  be  noted  that  none  of  the  metabolic  products 
(i.e.,  deauninated  iodothyronines)  found  by  Tata  et  al.  in  tissue  homogenate 
systems  containing  triiodothyronine  could  be  detected  on  our  chromato¬ 
grams.  It  is  possible,  as  suggested  by  these  authors,  that  the  intermediates 
wi'ie  rapidly  deiodinated  by  intact  nervous  tissue  and  that,  if  present  in 
our  material,  could  not,  therefore,  be  detected.  Pending  evidence  that  the 
(haminated  iodothyronines  are  rapidly  deiodinated  in  vivo  by  the  brain 
or  by  brain  slices  m  vitro,  the  metabolic  sequence  for  triiodothyronine  and 
tl'.yroxine  sugge.sted  by  Tata  el  al.  must  for  the  moment  be  considered  hy- 
P'>thetical.  Our  chromatograms  did  indicate  the  presence  of  two  unknown 
substances  (see  arrows  in  Fig.  6A). 

In  comparing  the  distribution  of  equal  doses  of  thyroxine  and  triiodo¬ 
thyronine,  it  is  intere.sting  to  note  that  ratios  of  the  concentration  of  tri- 
i'  lothyronine  to  that  of  thyroxine  are  rather  similar  in  all  the  tissues 
t>  sted.  On  the  ba.sis  of  total  iodine  concentration  (Table  3),  this  ratio  is 
V  Out  2.5.  When  it  is  calculated  on  the  basis  of  the  iodothyronine  concen- 


434 


FORD  AND  GROSS 


\’olHtn<  i 


tratioR  (from  data  in  Table  5,  A)  the  ratio  exceeds  3.  These  ratios  are  f 
the  same  order  as  the  relative  biological  potency  of  the  two  substances  ai  1 
may  account  in  part  for  the  quantitative  difference  in  their  biological  - 
tivities. 

As  to  the  biological  significance  of  the  localization  of  these  hormoin  , 
the  concentration  of  triiodothyronine  in  the  hypophysis,  median  eminenc  ■, 
and  paraventricular  nucleus  (Fig.  5)  may  be  related  to  the  hypothalam  - 
hypophyseal  regulatory  mechanism  for  the  secretion  of  pituitary  hoi- 
mones.  It  is  well  established  that  hypothalamic  centers  regulate  thyroid  a(  - 
tivity.  Thus,  section  of  the  pituitary  stalk,  transplantation  of  the  pituitaiy 
gland  to  the  anterior  chamber  of  the  eye,  or  destruction  of  anterior  hypo¬ 
thalamic  centers  reduces  thyroid  function,  probal)ly  through  a  reducti(»n 
in  TSH  output.  (For  a  review  of  the  literature  on  this  point  refer  to  Brown- 
Grant,  17.)  It  has  been  suggested  (17)  that  concentrations  of  thyroid  hor¬ 
mone  in  the  hypothalamus  regulate  the  level  of  thyroid  hormone  in  the 
hypophyseal  portal  vessels,  which  in  turn  would  modify  the  thyroid  hor¬ 
mone  content  of  the  blood  to  which  the  adenohypophyseal  cells  are  ex¬ 
posed.  It  is  difficult  to  reconcile  this  hypothesis  with  the  findings  reported 
here.  It  seems  unlikely  that  the  large  concentration  of  triiodothyronine  by 
the  adenohypophysis  (cf.  Table  5)  would  be  significantly  affected  by  ac¬ 
cumulations  occurring  in  the  hypothalamus  (see  radioautographic  results 
in  Figure  5  and  the  concentration  data  in  Table  3).  A  further  requirement 
of  the  aforementioned  hypothesis  would  be  the  rapid  degradation  or  turn¬ 
over  of  hormone  in  the  hypothalamus  in  order  to  maintain  a  steady  state. 
The  curves  in  Figure  4  do  not  indicate  a  rapid  turnover,  and  the  chromato¬ 
graphic  analysis  (Fig.  6)  does  not  indicate  a  rapid  degree  of  degradation.  A 
more  likely  hypothesis  would  be  that  the  concentration  of  thyroid  hormone 
in  the  hypothalamus  is  associated  with  the  production  or  release  of  some 
neurosecretory  agent  which  stimulates  TSH  release.  This  would  be  anal¬ 
ogous  with  the  hypothalamic  factor  apparently  involved  in  ACTH  release 
(Guillemin  and  Rosenberg,  18).  In  this  connection,  too,  it  is  possible, that 
the  hypothalamic  concentration  of  triiodothyronine  represents  the  site  at 
which  triiodothyronine  acts  to  stimulate  the  production  of  ACTH  (Earth 
and  I^eblond,  19). 

However,  von  Euler  and  Holmgren  showed  that  injections  of  thyroxine 
into  the  hypothalamus  had  no  inhibiting  effect  on  TSH  production  (12, 
20),  while  thyroxine  injections  into  the  adenohypophysis  did  indeed  inhibit 
thyroid  function. 

It  is  likely  that  a  repetition  of  their  experiments  using  triiodothyronine 
would  show  that  the  local  concentration  of  triiodothyronine  in  the  adeno¬ 
hypophysis  is  also  inhibitory  of  the  production  of  TSH.  However,  triiodo¬ 
thyronine  might  have  a  similar  effect  when  injected  into  the  hypothalamus, 
particularly  into  the  paraventricular  region,  which  was  not  done  in  the  von 
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E  ler  study.  This  region  might  lie  of  particular  interest,  since  it  has  shown 
at  oradiographically  a  high  concentration  of  triiodothjTonine. 

The  concentration  of  thyroid  hormones  in  the  neurohypophysis  may  be 
r(  ited  to  the  function  of  that  body  with  respect  to  water  metabolism. 

^  )rel  and  Simon  (21)  found  that  the  neurohypophyseal  thyroxine  concen- 
ti  tion  paralleled  its  antidiuretic  activity.  In  this  connection  it  may  be 
n(  ed  that  in  hypothyroidism  there  is  an  increase  above  normal  (22,  10) 
ai  1  in  hyperthyroidism  a  decrease  below  normal  (231  in  the  uptake  of 
tl  roxine  by  the  neurohypophysis.  This  would  be  more  compatible  with 
th  ‘  changes  in  water  metabolism  found  in  these  two  thyroid  .states  than 
wi  h  mechanisms  involved  in  the  regulation  of  thyroid  hormone  produc- 
ti(  a.  On  the  other  hand,  mas.sive  do.ses  of  ethanol,  which  block  the  relea.se 
of  imtidiuretic  hormone  from  the  neurohypophy.sis,  had  no  effect  on  its 
upiake  of  thyroxine  (10).  The  interpretation  of  this  finding,  however,  is 
coaiplicated  by  the  fact  that  ethanol  also  antagonizes  the  diuretic  action 
of  thyroxine  (24). 

The  concentration  of  triiodothyronine  in  the  gray  .substance  of  the 
brain  is  of  .some  interest.  Its  distribution  there  parallels  that  of  radioactive 
methionine  when  used  as  an  indicator  of  the  sites  of  active  protein  forma¬ 
tion  in  the  brain  (25,  26);  it  would  perhaps  indicate  the  .site  of  thyroid  hor¬ 
mone  action  on  the  growth  and  myelination  of  the  brain  (27).  This  associa¬ 
tion  of  triiodothyronine  concentration  with  sites  of  anabolic  activity  has 
been  found  to  be  a  striking  feature  of  its  distribution  in  other  organs  of 
the  l)ody  (28).  In  addition  to  its  role  in  metabolism  and  growth,  brain  tri¬ 
iodothyronine  could  have  a  direct  action  on  the  functions  of  the  brain  (29, 
30). 
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Ti'E  produc^tiox  of  experimental  exophthalmos 

ROBERT  BRUXISH 
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School  of  Medicine,  Los  Angeles,  California 

ahstrac;t 

Exophthalmos  has  hocn  produced  in  the  fish,  Fundulus  parvipinnis  l)y  tlu' 
administration  of  anterior  jrituitary  i)reparations.  Pejjsin  digestion  does  not 
destroy  their  effeetiveness  although  it  does  reduee  substantially  the  thyrotropic 
activity  of  such  i)rej)arations. 

tlXOPHTHALMOS  is  a  condition  with  a  long  and  confusing  history. 

J  It  has  been  associated  with  thyroid  dysfunction,  and  experimentally 
it  lias  been  produced  by  anterior  pituitary  fractions.  Thyrotropin  (TSH) 
ha'  caused  experimental  proptosis  under  a  variety  of  conditions.  Normal 
guinea  pigs  (1),  thyroidectomized  guinea  pigs  (2),  few  injections  (3), 
many  injections  (4),  TSH  alone  (5),  or  TSH  augmented  with  other  hor¬ 
mones  (6)  hav'e  all  been  employed.  These  variable  requirements  have  been 
recently  attributed  to  the  contamination  of  TSH  preparations  with  a  .spe¬ 
cific  hormone  which  cau.ses  the  changes  leading  to  exophthalmos  (7),  or  to 
the  participation  of  more  than  one  known  hormone;  e.g.  TSH  and  corti¬ 
cotropin  (8).  The  results  reported  herein  support  the  former  hypothesis. 

In  exophthalmos  the  ti.s.sues  lying  behind  the  eye  .show  accumulation  of 
water  (9)  and  an  increa.se  in  mucopolysaccharide  content  (10).  The  role  of 
mucopolysaccharide  in  binding  water  is  well  known.  The  pre.sent  stud}' 
records  the  sequential  changes  occurring  during  the  on.set  of  exophthalmos 
to  determine  if  the  order  of  these  changes  is  consistent  with  the  hypothe.sis 
that  exophthalmos  is  a  reflection  of  a  change  in  mucopolysaccharide  bal¬ 
ance.  For  this  purpo.se  protein  fractions  from  the  anterior  lobe  of  bovine 
pituitary  glands  have  been  prepared  which  have  the  ability  to  produce 
exophthalmos  in  the  test  animal,  Fundulus  parvipinnis,  the  common  Pacif¬ 
ic  ‘^minnow.”  The  data  obtained  are  con.sistent  with  the  .stated  hypothesis. 

MATERIALS  AXD  METHODS 

Fundulus  parvipinnis  were  obtained  from  the  waters  adjacent  to  the  city  of  Los  An- 
gt  'es.  The  fish  were  maintained  in  salt  water  aquaria  at  17-18°  C,  and  all  experiments 
wi  re  carried  out  at  this  temperature.  Fish  were  marked  with  colored  thread  Sewn 
til ’ough  their  lower  lip  or  tail  at  least  24  hours  prior  to  an  experiment.  The  fish,  which 
h  d  been  fed  minced  liver,  were  fasted  for  24  hours  prior  to  an  experiment  and  during 
it  course.  The  fish  weighed  from  5  to  10  gm.  and,  as  far  as  it  was  possible,  the  average 
w  ight  of  groups  was  kept  constant. 
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Anterior  pituitary  fractions  were  prepared  from  frozen  beef  pituitary  glands  whi  h 
had  been  obtained  directly  from  local  slaughter  houses.  Essentially,  the  method  )f 
Ciereszko  was  employed  (11).  One  hundred  grams  of  dissected  anterior  lobes  wi  o 
extracted  with  500  cc.  of  2%  sodium  chloride  at  0-4“  C.  Waring  blendor  replac  1 
the  meat  grinder  of  the  original  procedure.  The  saline  extract  was  adjusted  to  pH  4  ). 
The  insoluble  protein  was  removed  by  centrifugation  at  3500  rpm  for  20  minutes  in  n 
International  centrifuge,  .Model  P*^-l.  .\n  equal  volume  of  acetone  was  added  to  t  e 
supernatant  fluid,  and  the  resulting  insoluble  fraction  was  removed  with  the  Sharp  s 
Super-Centrifuge  at  25,000  rpm.  When  necessary,  the  supernatant  fluid  was  clarifi  d 
further  by  filtration  through  a  celite  pad.  Upon  the  addition  of  acetone  to  75%,  t  le 
crude  active  material  was  obtained  as  precipitate.  This  fraction  was  washed  with  c(  d 
acetone  and  ether  and  dried  thoroughly.  It  was  then  extracted  with  water,  and  the  i.‘- 
sulting  solution  was  lyophilized  and  stored  in  vacuo  over  phosphorus  pentoxide.  This 
material  (Fraction  1)  had  both  thryotropic  activity  (12)  and  exophthalmic  activity  is 
measured  in  the  Fundulus.  Fraction  I  was  treated  with  1%  (w/w)  pepsin  at  pH  2.1  at 
37“  for  two  hours.  .Approximately  50%  of  the  starting  material  was  isolated  as  a  non- 
dialyzable,  water  soluble  mixture  of  peptides  and  proteins  (Fraction  II). 

Commercial  TSH  (.Armour’s  Thytropar)  and  corticotropin  (.Armour’s  .ACTHar)  were 
also  employed. 

.Assay  of  exophthalmic  activity  followed  the  method  described  by  Oobyns  and 
Steelman  (13).  The  intercorneal  distance  of  the  test  fish  was  measured  with  calipers  to 
0.1  mm.  prior  to  and  following  the  test  injection.  The  solution  to  be  assayed  was  injected 
intraperitoneally.  .A  26  gauge  needle  was  used,  and  the  injection  was  made  through  the 
vent  and  gut  wall  to  pn'vent  leakage  which  resulted  if  the  injection  were  made  directly 
through  the  body  wall.  The  ratio  of  the  intercorneal  distance  sixteen  hours  after  injinv 
tion  to  the  pre-injection  distance  served  as  a  measure  of  exophthalmos. 

Chemical  changes  induced  by  the  exophthalmic  factor  were  studied.  The  contents 
of  the  fish  orbit,  except  for  the  globe,  optic  nerve  and  conjunctiva  were  dissected  out. 
Groups  of  20-40  fish  were  employed  at  varying  time  intervals  following  the  intraperito- 
neal  injection.  The  pooled  tissue  was  weighed,  dried  at  105“  C  for  fifteen  hours,  and 
reweighed  to  determine  water  content.  The  hexosamine  content  of  the  dried  residue  was 
determined,  following  its  chromatographic  separation  from  interfering  substances  (14), 
by  the  colorimetric  method  of  Elson  and  Morgan  as  modified  by  Blix  (15). 

RESULTS  AND  DISCUSSION 

During  the  acetone  fractionation  procedure  of  Ciereszko  the  exophthal¬ 
mic  activity  was  not  separated  from  TSH.  As  the  result  of  pepsin  treat¬ 
ment,  Fraction  II  had  greater  activity  per  unit  weight  than  did  Fraction  1, 
while  Fraction  I  and  Thytropar  had  similar  activities.  Dr.  John  G.  Piercf*, 
of  this  department,  assayed  Fractions  I  and  II  for  TSH  activity  (12)  and 
found  that  the  pepsin  treatment  substantially  reduced  the  TSH  level.  Mrs. 
Jessamine  Hilliard,  of  the  Department  of  Anatomy,  determined  that  this 
treatment  also  reduced  the  level  of  pepsin-inhibitor,  another  substance 
closely  associated  with  TSH  (16).  In  contrast  to  the  results  obtained  with 
pepsin,  the  use  of  trypsin  completely  destroyed  the  exophthalmic  activit  ’ 
of  Fraction  I.  Fraction  II,  at  the  5  mg.  dose  level,  gave  moderate  and  r<  - 
producible  exophthalmos  (Fig.  1).  At  this  dosage  the  intercorneal  distani  * 
16  hours  following  injection  was  of  the  order  of  106%  of  the  initial  distanc ' 
although  occasional  values  of  110-130%  resulted.  The  dose  response  curv  • 


EXPERIMENTAL  EXOPHTHALMOS 


Fraction  II  is  shown  in  Figure  2.  It  niiglit  he  noted  that  tliese  fisli 
pear  to  be  less  responsive  than  the  Eastern  species,  Fundiiltis  hetero- 
hiis,  both  in  the  degree  of  exophthalmos  and  in  the  length  of  time  re- 
ired  for  maximum  proptosis  (13).  ACTHar,  at  doses  of  5  mg.,  was  in¬ 
active  in  producing  exophthalmos,  nor  did  it  enhance  the  proptosis  pro- 
ced  by  the  stimultaneous  administration  of  Thytropar  or  Fraction  II. 


Fig.  1.  Fundulus  parvipinnis.  The  fish  in  center  received  saline  injection  sixteen  hours 
previously  while  the  other  two  received  5  mg.  of  Fraction  II. 


As  a  result  of  its  pepsin  stability,  the  exophthalmic  activity,  as  meas¬ 
ured  in  Fundulus  parvipinnis,  would  appear  to  reside  in  a  portion  of  the 
'rSH  molecule  or  else  to  exist  as  a  separate  entity.  There  is  no  evidence  to 
support  the  theory  that  intact  TSH  is  the  active  principal  or  that  it  is  aug¬ 
mented  by  ACTH. 

The  time  course  of  exophthalmos  and  the  concomitant  chemical  changes 
.issociated  with  it  are  shown  in  Figure  3.  There  is  a  dip  in  the  values  for 
vater  content,  proptosis  and  hexosamine  concentration  at  4-8  hours, 
'ollowed  by  a  rise  in  all  three. 

It  might  be  argued  that  the  water  and  the  hexosamine  changes  occur  in- 
lependently,  and  the  nature  of  the  injected  material  is  of  sufficient  com- 
ilexity  for  this  view.  Pepsin  treatment  has  reduced  the  levels  of  two  addi- 
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Fig.  2.  Dose-response  curve.  The  ratios  of  the  intercorneal  distances  obtained  sixteen 
hours  following  injection  to  their  preinjection  values  are  plotted  against  the  weight  of 
Fraction  II  administered.  Kach  point  represents  the  average  value  obtained  from  .5-S 
fish. 


h’lG.  3.  The  sequential  changes  occurring  during  the  incipient  stages  of  exophthalmt  s. 
Five  mg.  of  Fraction  1 1  were  injected  intraperitoneally.  Curve  1  represents  the  per  ce  t 
hexosamine,  on  a  dry- weight  basis  in  the  orbital  tissue;  2,  the  per  cent  water;  3,  tl  e 
intercorneal  distance  relative  to  the  preinjection  value. 
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1  :)nal  f>ub.stances  which  previously  had  been  associated  witli  anterior 
t  tuitary  preparations  producing  exophthalmos,  namely  TSH  and  the 
}  .-psin-inhibitor.  Nonetheless  until  it  is  shown  that  the  factors  governing 
’  le  water  change  and  the  hexosamine  response  can  be  separated  chemically 
.  !•  physically,  there  is  no  reason  to  reject  the  hypothesis  that  the  muco- 
j  ilysaccharide  change  governs  the  water  balance  and  that  this  in  turn 
)  gulates  the  degree  of  proptosis.  The  data  obtained  are  consistent  with  this 
I  vpothesis. 
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ABSTRACT 

The  urinary  excretion  and  plasma  levels  of  sodium  and  potassium  in  18  dogs 
with  ventral  hypothalamic  lesions  have  been  compared  to  those  found  in 
normal,  hypophysectomized  and  adrenalectomized  animals  on  a  daily  diet 
containing  40  m.eq.  of  sodium  and  8  m.eq.  of  potassium,  on  a  diet  containing 
0.5  m.eq.  of  sodium  and  50  m.eq.  of  potassium,  and  after  the  intravenous 
administration  of  a  salt  load  equivalent  to  5.13  m.eq.  per  kilogram  of  body 
weight. 

The  ventral  hypothalamic  lesions  produced  diabetes  insipidus,  gonadal 
atrophy  and  or  inhibition  of  hydroxycorticoid  secretion  in  response  to  surgical 
trauma  in  a  large  number  of  the  animals  studied.  However,  none  of  the  animals 
showed  abnormal  sodium  and  potassium  metabolism  and  all  withstood  salt 
restriction  and  handled  a  salt  load  in  a  normal  fashion.  Hypophysectomized 
dogs  also  responded  normally,  but  adrenalectomized  dogs,  maintained  before 
and  during  the  diet  studies  on  hydrocortisone  alone,  became  hyponatremic 
and  died  when  subjected  to  salt  restriction. 

Destruction  of  the  anterior  end  of  the  median  eminence  of  tlie 
hypothalamus  is  known  to  prevent  the  increased  secretion  of  ACTH 
and  adrenal  hydroxycorticoids  that  normally  follows  psychic  or  physical 
trauma  in  the  dog  (1,2,  3).  Whether  or  not  this  deficiency  in  glucocorticoid 
secretion  is  associated  wdth  changes  in  the  metabolism  of  sodium  and 
potassium  apparently  has  not  been  determined,  and  the  ability  of  such 
animals  to  withstand  the  ‘‘metabolic  stress”  of  sodium  deprivation  has  not 
been  studied.  Accordingly,  the  present  experiments  were  undertaken  to 
investigate  serum  levels  and  urinary  excretion  of  sodium  and  potassium  in 
dogs  with  lesions  in  the  median  eminence  and  other  parts  of  the  ventr.d 
hypothalamus,  and  to  observe  the  changes  in  the.se  parameters  that  follow 
salt  restriction  and  salt  loading. 

Received  September  9,  1957. 
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MATERIALS  AND  METHODS 

■•'orty-onc  male  mongrel  dogs  weighing  6.8  to  23.5  kg.  were  studied.  15  of  these 
ai  nals  were  normal,  control  dogs.  18  had  lesions  in  the  ventral  hypothalamus.  In 
af'  ition,  five  hypophysectomized  and  three  adrenaleetomized  dogs  were  studied.  When 
n(  on  measured  diet  studies,  the  dogs  were  routinely  fed  a  commercial  dog  meal  (Square 
D  d  Dog  Food,  Hygienic  Dog  Food  Co.,  Berkeley,  California). 

'Electrolyte  metabolism  in  these  animals  was  studied  in  the  following  situations: 

.  While  consuming  a  diet  containing  40  m.eq.  of  sodium  and  eight  m.eq.  of  po- 
ta  ium  per  day  (the  “40  m.  eq.  sodium  diet”).  The  animals  were  placed  on  this  regime 
fo  two  days,  while  two  24-hour  urine  specimens  and  blood  samples  at  the  beginning  and 
et!  of  the  48-hour  period  were  obtained. 

2.  While  consuming  a  diet  containing  0.5  m.  eq.  of  sodium  and  50  m.  eq.  of  potassium 
p(  day  (the  “0.5  m.eq.  sodium  diet”).  The  dogs  were  placed  on  this  regime  for  a  three- 
da  period.  Three  24-hour  urine  specimens  and  blood  samples  at  the  beginning  and  end 
of  the  period  were  collected. 

;.  Following  salt  loading.  All  dogs  were  given  an  intravenous  dose  of  15%  sodium 
cliloride,  equiv’alent  to  5.13  m.eq.  per  kg.  body  weight.  Urine  samples  were  obtained 
thice  hours  thereafter.  Similarlj’,  blood  samples  were  obtained  before  and  three  hours 
after  the  injection.  This  procedure  was  routinely  carried  out  after  two  days  on  the  40 
m.eq.  sodium  diet.  .After  the  three-hour  urine  and  blood  specimens  had  been  obtained, 
the'  dogs  were  fed  the  daily  amount  of  the  40  m.eq.  sodium  diet,  and  the  study  terminated 
with  another  urine  and  blood  sample  at  the  end  of  24  hours. 

In  several  of  the  normal  dogs  and  a  number  of  the  dogs  with  lesions,  the  40  m.eq. 
sodium  and  the  0.5  m.eq.  sodium  diet  were  each  carried  out  for  periods  of  as  long  as 
five  days. 

•Ml  urine  samples  were  obtained  in  metabolic  cages.  The  urine  remaining  in  the 
bladder  at  the  end  of  each  collection  period  was  removed  by  catheterization,  using  a 
number  six  French  woven  ureteral  catheter.  The  bladder  was  washed  with  20-30  ml. 
of  distilled  water  and  this  amount  added  to  the  total  specimen.  The  volume  of  the 
specimen  was  measured  and  an  aliquot  of  the  mixed  total  urine  sample  refrigerated  for 
analysis.  Blood  samples  were  allowed  to  clot,  then  centrifuged  promptly  and  the  serum 
stored  in  the  refrigerator.  In  addition,  an  aliquot  of  each  batch  of  diet  was  routinely 
saved  in  the  refrigerator  for  subsequent  analysis. 

The  diets  were  prepared  with  Lonalac  (Mead  Johnson  and  Company).  42.6  gm.  of 
this  material  made  up  to  300  ml.  with  isotonic  saline  solution  provided  a  dog  with  an 
intake  of  40  m.eq.  of  sodium  and  8  m.eq.  of  potassium,  while  the  same  amount  of 
Lonalac  made  up  to  300  ml.  with  isotonic  potassium  chloride  supplied  0.5  m.eq.  of 
sodium  and  50  m.eq.  of  potassium.  Although  this  amount  of  Lonalac  supplied  ap¬ 
proximately  10  gm.  of  protein  daily,  the  fact  that  all  normal  animals  lost  weight  slowly 
on  this  diet  indicates  that  it  was  deficient  in  total  calories.  However,  all  dogs  did  w'ell 
on  it  except  hypophysectomized  animals.  In  order  to  prevent  hypogl3'cemic  complica¬ 
tions  in  these  animals,  100  gm.  of  dextrose  per  da.v  was  added  to  the  dailj'  ration.  Rou¬ 
tinely,  the  dietary  mixture  was  made  up  in  bulk  lots  adequate  to  supph'  tw'o  to  five 
ajiimals  throughout  a  one  week  experimental  period.  The  fluid  mixture  was  kept  re¬ 
frigerated,  and  under  these  conditions,  the  mixture  remained  usable  throughout  the 
w ‘ck.  Any  diet  remaining  in  the  dogs’  pans  at  the  end  of  twenty  four  hours  was  measured 
ai  d  subtracted  from  the  daily  intake.  During  these  studies,  the  dogs  were  allowed  water 
ad  lib.  This  water  was  anah'zed  for  sodium  and  potassium  content  and  found  to  contain 
ni  gligible  amounts  of  these  ions. 

The  urine,  diet  and  serum  .samples  were  subsequentlj"  appropriately  diluted  and 
ai  alyzed  for  potassium  and  sodium  content,  using  a  Baird  flame  photometer  with 
li  hium  as  the  internal  standard. 
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The  electrolytic  lesions  were  placed  stereotaxically  in  the  hypothalamus  by  tl  * 
technique  of  Hume  and  Ganong  (4).  There  were  no  deaths  in  this  series  and  all  dogs  d  1 
well.  The  studies  of  electrolyte  excretion  were  performed  three  to  seven  weeks  po^  - 
operatively.  In  addition  to  the  determinations  already  mentioned,  body  temperatur  > 
were  checked  at  least  twice  with  a  thermister  device.  .\t  least  three  24-hour  urines  we  e 
checked  for  the  presence  of  sugar.  Bodj’  weights  were  determined  at  the  start  of  and  ei  I 
of  each  dietary  study. 

Hypophysectomies  were  performed  trans-bucally  and  the  dogs  studied  three  weci  s 
later,  .\drenalectomies  were  performed  in  two  stages  through  flank  incisions. 

When  the  electrolyte  metabolism  studies  were  completed,  the  dogs  were  subjecti  1 
to  adrenal  vein  cannulation  under  pentothal-induced  ether  anesthesia  by  the  method  of 
Hume  and  Nelson  (5).  timed  adrenal  blood  sample  was  obtained  and  the  animal  tin  a 
given  intravenously  one  i.u.  of  .\CTH.  Four  minutes  later,  another  timed  adrenal  ve¬ 
nous  sample  was  obtained.  Samples  were  collected  in  chilled,  heparinized  graduate  d 
centrifuge  tubes  and  the  plasma  separated  immediately.  The  samples  thus  obtaine  d 
were  stored  at  0“  C.  The  17-hydroxycorticoid  content  of  the  plasma  was  subsequently 
determined  by  the  method  of  Silber  and  Porter  (6).  The  adrenal  hydroxycorticoid  out¬ 
put  was  then  calculated  in  terms  of  gamma  per  minute. 

Following  adrenal  vein  cannulation,  the  carotid  arteries  were  freed  and  eannulated. 
The  head  was  perfused  with  isotonic  saline  followed  by  10%  neutral  formalin.  The 
gonads  and  adrenal  glands  were  removed  and  weighed,  the  left  and  right  adrenals  being 
weighed  .separately.  One  of  the  gonads,  the  left  adrenal  and  a  piece  of  the  right  kidnc'y 
were  fixed  in  formalin  for  subsequent  histological  examination  after  staining  with  henia- 
to.xylin  and  eosin.  The  hypothalamus  and  pituitary  were  removed  as  a  unit  by  sawing 
through  the  head.  The  block  of  tissue  thus  obtained  was  serially  sectioned  at  16p  and 
and  every  tenth  section  was  stained  with  Bullard’s  modification  of  Ehrlich’s  hematoxylin 
and  eosin  stain.  Every  fifth  slide  was  traced  on  paper,  using  a  projector  which  magnified 
10  times.  From  these  drawings,  a  reconstruction  of  the  lesion  on  a  drawing  of  a  sagittal 
section  of  the  hypothalamus  was  made  for  each  dog. 

RESULTS 

It  fshould  he  emphasized  that  because  stool  electrolytes  were  not  deter¬ 
mined,  these  studies  are  not  true  balance  studies.  However,  none  of  the 
dogs  developed  diarrhea,  and  sodium  excretion  in  the  urine  was  approxi¬ 
mately  equal  to  dietary  intake  on  the  40  m.eq.  sodium  diet.  Most  of  the 
animals  showed  a  potassium  excretion  in  excess  of  intake  on  this  diet, 
prol^ably  reflecting  the  caloric  inadequacy  of  the  diet.  These  results  are 
summarized  in  Table  1. 

When  the  normal  animals  were  put  on  the  0.5  m.eq.  sodium  diet,  sodium 
excretion  exceeded  intake  by  12.5  +  1.93®  m.eq.  on  the  first  day,  5.6  ±0.7  on 
the  .second  and  4.6 +0.6  on  the  third.  In  dogs  carried  on  this  diet  for  five 
days,  sodium  excretion  did  not  decline  further,  so  sodium  conservation  wa> 
apparently  maximal  in  the.se  dogs  by  the  third  day  of  salt  restriction.  On 
this  regime,  normal  dogs  excreted  an  amount  of  potassium  approximatinj 
dietary  intake,  as  .shown  in  Table  1. 

The  mean  .serum  sodium  level  of  the  normal  dogs  on  the  second  day  o^ 
the  40  m.eq.  .sodium  diet  was  142.9  m.eq.  liter  At  the  start  of  the  low'  .salt 


’  Standard  error  of  the  mean. 
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(li(  ,  it  was  144.2  m.eq,  liter,  and  after  three  days  of  salt  restriction,  it  was 
14  4  m.eq.,  liter.  The  corresponding  serum  pota.ssium  values  were  4.5,  4.7 
an  4.9  m.eq.  liter. 

he  previou.sly  reported  fact  that  hypophy.sectomy  has  little  effect  on 
SO'  ium  and  potassium  metabolism  (7,  8)  was  confirmed.  Two  of  the  five 
li\  'ophysectomized  dogs  developed  severe  hypoglycemia.  In  the  remaining 
th,  e  animals,  this  was  prevented  by  adding  100  gm.  of  dextrose  to  the 
ha  mce  diet  daily,  but  one  of  these  dogs  proved  at  autopsy  to  have  severe 
nc’  hritis.  Results  in  all  animals  were  similar,  l)ut  only  the  data  collected 
on  die  two  otherwise  normal  dogs  have  been  included.  As  shown  in  Table  1, 
tht  '6  dogs  showed  an  average  excess  of  sodium  intake  over  excretion  of  1 .2 
an  I  2.5  m.eq.  on  day  one  and  two  of  the  40  m.eq.  sodium  diet,  and  potas- 
.du  n  excretion  in  excess  of  intake  by  12.9  and  4.1  m.eq.  respectively.  On 
tlu  low  sodium,  high  potassium  diet,  their  values  for  intake  minus  urinary 
ex(  letion  of  sodium  and  pota.s.sium  were  practically  identical  to  the  mean 
values  for  the  normal  dogs.  Serum  sodium  and  potassium  levels  were 
normal  throughout. 

All  but  four  of  the  18  animals  with  ventral  hypothalamic  lesions  showed 
one  or  more  of  a  variety  of  endocrine  abnormalities.  Eight  of  these  had 
adrenal  venous  hydroxycorticoid  outputs  in  response  to  surgical  trauma  of 
less  than  3.7  gamma  per  minute.  This  value  compares  to  a  mean  normal 
response  in  this  laboratory  (15  dogs)  of  6.9 +0.5  gamma  per  minute.  Six 
dogs  had  diabete.s  insipidus  (urinary  output  of  800  ml.  or  more  on  two 
consecutive  days)  and  nine  dogs  had  gonadal  atrophy  (gonadal  weight  less 
than  1  gm.  per  kg.  body  weight). 

rhe  individual  lesions  in  the  dogs  with  depressed  hydroxycorticoid  out¬ 
puts  destroyed  bilaterally  various  portions  of  the  area  between  the  optic 
chiasm  and  the  anterior  edge  of  the  mammillary  body,  extending  dorsally 
in  a  few  cases  as  much  as  three  mm.  above  the  median  eminence  and  later¬ 
ally  two  him.  from  the  midline.  However,  all  the.se  animals  had  in  common 
a  niidline  area  of  destruction  in  the  anterior  end  of  the  median  eminence 
(Fig.  1).  Gonadal  atrophy  occurred  in  dogs  with  lesions  of  variable  extent, 
some  extending  dorsally  to  the  paraventricular  nuclei,  but  it  was  never 
pi  ('.sent  unless  a  small  portion  of  the  median  eminence  in  the  region  of  the 
infundibulum  was  destroyed.  This  area  common  to  all  dogs  with  gonadal 
atrophy  is  shown  in  Figure  2.  In  one  dog  with  moderately  .severe  diabete.s 
iu'ipidus,  the  area  de.stroyed  was  limited  to  the  area  immediately  ventral 
to  the  paraventricular  nuclei  bilaterally,  without  .severe  damage  to  the 
.supraoptic  region.  In  the  other  five  dogs  with  this  syndrome,  the  le.sions 
were  in  or  near  the  posterior  end  of  the  .supraoptic  nuclei.  Some  extended 
Well  into  the  optic  chiasm,  and  a  few  also  de.stroyed  areas  well  posterior  to 
tins  region,  but  the.se  five  animals  all  had  a  common  area  of  destruction 
(I'ig.  2)  in  and  just  above  the  postero-dor.sal  aspect  of  the  optic  chiasm 
a  d  extending  laterally  for  a  di.stance  of  two  mm.  on  either  side.  In  view 
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of  McCann  and  Broheck’s  hypothesis  that  vasopressin  is  the  hypothalan  io 
neurohumor  which  stimulates  ACTH  secretion  (10),  it  is  interesting  o 
note  that  two  of  the  dogs  with  severe  diabetes  insipidus  had  normal  hydn  <- 
ycorticoid  outputs  in  response  to  surgical  trauma.  The  four  animals  wit  i- 
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Fig.  1.  Sodium  and  potassium  metabolism  in  normal  dogs  and  dogs  with  hypo¬ 
thalamic  lesions  and  depressed  17-hydroxycorticoid  outputs  on  a  diet  containing  tO 
m.eq.  of  sodium  (first  two  bars)  and  0.5  m.eq.  of  sodium  (last  three  bars).  The  shade  d 
bars  represent  mean  values  and  the  small  bars  represent  +  the  standard  error  of  the  mean. 
The  diagram  on  the  right  repre-sents,  in  each  case,  a  .sagittal  section  of  the  hypothalamus. 
.MI,  massa  intermedia;  MB,  mammillary  body;  PP,  posterior  pituitary;  OC,  optic  cln- 
asm;  .3V,  third  ventricle;  .\P,  anterior  pituitary. 


out  polyuria  or  gonadal  or  adrenal  abnormalities  all  had  lesions  in  ai  I 
above  the  optic  chiasm. 

The  urinary  excretion  of  sodium  and  potassium  by  animals  with  d<  - 
pressed  hydroxycorticoid  outputs  is  compared  to  that  of  normal  anima  > 
and  other  dogs  with  hypothalamic  lesions  on  the  various  dietary  regimi  ■; 
in  Table  1.  On  the  40  m.eq.  sodium  diet,  dietary  intake  of  .sodium  wa- 


.L  il,  19oS 


HYPOTHALMI’S  AND  SODIUM  BALANCE 


447 


sli  ;htly  greater  than  urinary  excretion  on  both  days  of  tiie  study,  tiie  values 
b(  ng  similar  to  those  found  in  the  normal  animals.  On  the  low  sodium 
di  t,  the  differences  between  sodium  intake  and  urinary  output  were 
—  6.5  +3.3  m.eq.  on  day  one,  —6.3  +  1.3  m.eq.  on  day  two  and  —4.2  ±0.7 
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Fio.  2.  Sodium  and  potassium  metabolism  in  dogs  with  gonadal  atrophy 
and  those  with  diabetes  insipidus. 

m.eq.  on  day  three  of  the  diet.  Mean  .serum  sodium  values  were  147.5 
m.eq./L  on  the  second  day  of  the  40  m.eq.  sodium  diet,  143.2  m.eq./  L  at 
the  .start  of  salt  restriction  and  145.2  m.eq.  L  at  the  end.  None  of  the  in¬ 
dividual  dogs  in  this  group  showed  significantly  abnormal  serum  sodium 
or  potas.sium  levels  at  any  time  during  the  experiments.  Thus,  although 
liydroxycorticoid  output  after  surgical  trauma  was  abnormally  low  in 
these  animals,  they  were  able  to  withstand  the  “metabolic  .stress”  of  a 
low  sodium,  high  potassium  diet  in  a  perfectly  normal  fashion. 

The  results  of  the  experiments  in  the  dogs  with  gonadal  atrophy  and 
‘iiabetes  insipidus  are  summarized  in  Figure  2.  Average  sodium  excretion 
•  1  the  former  dogs  was  slightly  greater  than  their  sodium  intake,  but  these 
alues  are  not  significantly  different  from  those  found  in  normal  animals, 
imilarly,  all  animals  showed  a  normal  pattern  of  sodium  conservation  on 
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the  0.5  m.eq.  diet  and  average  serum  sodium  and  potassium  values  w  re 
not  essentially  different  from  the  normal.  In  the  dogs  with  diabetes  n- 
.sipidus,  urinary  excretion  of  sodium  on  the  first  day  of  the  40  m.eq.  sodi  m 
diet  exceeded  dietary  intake  l)y  9.0  m.eq.  However,  on  the  second  d.  y, 
excretion  equaled  intake,  and  the  value  for  the  first  day  is  not  significan  ly 
different  statistically  from  the  mean  value  for  the  first  day  for  non  lal 
animals.  The  respon.se  to  salt  restriction  and  the  serum  sodium  and  pot  ts- 
sium  levels  were  normal. 


Serum  sodium,  Meq /I.  1464  145.0  143.8 

Day  12123 

Diet  40  Meq.  No  0.5  Meq  No 


9  Meq  K  50  Meq  K 

Fig.  3.  Sodium  and  potassium  metal)olism  in  all  dogs  with  hypothalamic  lesions. 
Note  that  shaded  area  on  the  diagram  of  the  sagittal  section  of  the  hypothalamus  repre¬ 
sents  the  composite  area  destroyed  by  all  the  lesions,  rather  than  the  area  common  to 
them. 

Figure  3  summarizes  the  data  from  all  eighteen  days  with  hypothalamic 
lesions  taken  as  a  group.  This  includes  the  four  dogs  which  showed  no 
definite  endocrine  abnormalities  as  well  as  the  dogs  with  diabetes  insipidus, 
gonadal  atrophy,  and  deficient  hydroxycorticoid  secretion  in  respon.se  to 
trauma.  Again,  the  values  for  dietary  intake  minus  urinary  excretion  of 
sodium  and  potassium  are  not  significantly  different  from  those  observed 
in  the  normal  animals  on  either  the  40  m.eq.  sodium  diet  or  the  0.5  m.ecj. 
diet  regime,  and  the  .serum  sodium  and  potassium  lev'els  are  similar  to 
those  of  the  normal  animals.  The  shaded  area  in  the  chart  in  Figure  3  rejv 
re.sents  the  inclusive  total  area  destroyed  by  lesions  in  the  eighteen  dog'. 
It  appears  fair  to  conclude,  therefore,  that  the  area  repre.sented  by  these 
lesions  is  not  concerned  with  the  maintenance  of  sodium  and  pota.ssiuia 
balance  on  a  normal  sodium  intake,  nor  does  it  contain  centers  essential  to 
the  mechanisms  by  which  the  dog  responds  to  salt  deprivation. 

The.se  results  are  in  contrast  to  those  obtained  in  the  adrenalectomizt  I 
dogs.  These  three  animals  were  maintained  without  mineralo-corticoi  I 
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tl  erapy  on  the  stock  diet,  which  contained  approximately  40  m.  eq.  of 
?(  lium  daily,  and  they  received  a  daily  dose  of  5  mg.  of  hydrocortisone 
(t  ee  alcohol)  intramuscularly  for  11  days  post  operatively.  At  that  time, 
s<  s-ere  hyponatremia  was  present,  the  mean  serum  sodium  being  122.7 
r  eq.  L  and  the  serum  potassium  6.1  m.eq.  L.  Placed  on  the  mea.sured  40 
n  eq.  sodium  diet  at  that  point,  they  excreted  only  a  fraction  of  their 
(i  ily  intake  in  the  urine  (Table  1).  Despite  this  retention,  their  .serum  so- 


Fig.  4.  Per  cent  excretion  of  an  intra- 
\  nous  salt  load  three  hours  after  injection 
ill  1 1  of  intravenous  plus  dietary  sodium  in 
24  hours  by  normal  dogs  and  all  dogs  with 
111  pothalamic  lesions.  The  shaded  liars 
n  present  mean  values  and  the  small  bars 
r  the  standard  error  of  the  mean. 


dium  levels  fell  slightly,  to  a  mean  value  on  the  second  day  of  120.7 
rn.eq./  L.  When  placed  on  the  low  sodium,  high  potassium  diet,  all  three 
animals  died  within  24  hours. 

The  adrenalectomized  animals  also  excreted  an  average  of  only  9.4%  of 
the  administered  salt  load  in  three  hours,  and  53.7%  in  24  hours.  This  com¬ 
pares  to  a  mean  three  hour  excretion  in  the  normal  dogs  of  37.4+3.8% 
and  a  24-hour  value  of  83.1  +3.8%.  The  hypophysectomized  dogs,  on  the 
other  hand,  excreted  34.1%  of  the  salt  load  in  three  hours  and  94.5%  of 
their  intake  in  24  hours.  The  majority  of  the  animals  with  lesions  handled 
a  salt  load  like  the  normal  and  the  hypophysectomized  dogs  (Fig.  4  and 
5).  Thus,  the  mean  three  and  24-hour  per  cent  excretion  values  for  the  dogs 
with  gonadal  atrophy  were  32.6  +4.4%  and  90.6  +2.6%,  those  for  the  dogs 
with  diabetes  insipidus  35.2+4.8%  and  87.8+4.1%.  The  only  po.ssibly 
almormal  group  were  the  dogs  with  depressed  hydroxycorticoid  output. 
They  excreted  27.9  +5.3%  of  the  load  in  three  hours  and  79.1  +3.2%  in  24 
hours.  This  is  remini.scent  of  the  deficient  response  to  salt  loading  in  adre¬ 
nalectomized  animals,  but  the  differences  between  the  mean  values  of  this 
i^roup  of  dogs  w'ith  lesions  and  the  normals  is  not  significant  statistical!}’. 

The  histology  and  weight  of  the  adrenals  of  all  of  the  dogs  with  lesions 
vere  not  significantly  different  from  those  of  the  normal  dogs.  Atrophy  of 
he  zona  glomerulosa  was  not  observed.  Atrophic  changes  in  the  seminif- 
rous  tubules  and  the  Leydig  cells  were  found  in  the  testes  of  animals  with 
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go'  ads  weighing  less  than  1  gm./kg.  l)ody  weight.  Except  for  the  nephritis 
in  ne  of  the  hypophysectomized  dogs,  no  definite  renal  alinormalities  were 
sei  n 

'he  body  weight  changes  of  the  dogs  with  lesions  during  the  measured 
di«  studies  were  comparable  to  those  in  the  normal  and  hypophysecto- 
mi  ed  dogs.  None  of  the  dogs  developed  hyperthermia,  and  glycosuria  was 
no  found. 


Fig.  5.  Per  rent  excretion  of  ud ministered  sodium  at  three  and  24  hours  i)y  the  dogs 
with  hypothalamic  lesions  associated  with  depressed  corticoid  outi)uts,  with  gonadal 
atroi)hy,  and  with  diabetes  insipidus. 


DISCUSSION 

The  presence  of  normal  sodium  and  potassium  metabolism  in  lu  pophy- 
sectomized  dogs,  their  ability  to  conserve  salt  on  a  salt-restricted  diet,  and 
j  their  normal  handling  of  an  acutely  administrered  salt  load  have  all  been 

I  reported  previously  (7,  8,  9),  as  has  the  reduced  ability  of  the  adrenalecto- 

!  mized  dog  to  excrete  a  salt  load,  even  after  cortisone  therapy  (7, 9, 11).  The 
finding,  in  our  adrenalectomized  dogs,  of  .sodium  retention  on  the  40  m.eq. 

[  sodium  diet  is  intere.sting,  but  it  mu.st  be  remembered  that  the.se  three 
animals  were  lieing  and  had  been  maintained  for  the  previous  11  days  on  a 
low  dose  of  hydrocortisone  without  any  mineralo-corticoid  therapy.  Con- 
i  s(^{iuently,  they  were  .severely  hj'ponatremic  at  the  time  the  .stud}’  was 
p<  rformed,  and  presumalily  had  depres.sed  renal  function,  both  factors 
piobably  depre.ssing  the  filtered  .sodium  load  to  a  very  low  level  (7). 

!  The  occurrence  of  hypernatremia  in  patients  with  cerebral  disease  has 
b(  en  the  subject  of  numerous  reports  in  the  clinical  literature  and  .several 
rt  cent  reviews  (12,  13).  Some  authors  have  attempted  to  inplicate  the 
h  pothalamus  in  the  genesis  of  this  hypernatremia  (14).  Rarer,  but  better 
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documented  are  the  cases  of  so  called  “cerebral  salt-wasting”  in  associal  on 
with  a  variety  of  cerebral  lesions  (lo). 

In  spite  of  this  extensive  clinical  literature,  there  is  little  experimeij  al 
evidence  linking  the  hypothalamus  in  particular  and  the  brain  in  genera  to 
the  control  of  electrolyte  metal)olism  in  animals.  Lewey  and  Gassman  (  (>) 
placed  electrodes  in  the  “paroptic”  region  of  the  hypothalamus  unilat  'r- 
ally,  passed  coagulating  currents  down  these  electrodes,  and  folloved 
chloride  levels  in  blood  and  urine  for  several  hours.  They  found  that  t  lis 
maneuver  produced  hyperchloremia  and  hypochloruria.  Stevenson,  elt 
and  Orloff  (17)  compared  the  serum  sodium  levels  in  rats  with  hypo- 
thalamic  obesity  due  to  lesions  of  the  ventromedial  nuclei  with  those  foimd 
in  normal  animals,  and  found  a  slight  hypernatremia  in  the  animals  with 
lesions  which  they  attril)uted  to  chronic,  mild  hypodypsia. 

We  were  interested  in  approaching  this  problem  in  animals  with  sten  o- 
taxically  produced  chronic  lesions.  The  use  of  chronic  animals  avoids  (he 
difficulty  of  interpreting  whether  results  such  as  those  of  Lewey  and  Gass¬ 
man  are  due  to  stimulation,  to  destruction  of  structures  in  the  brain,  or  to 
the  trauma  coincident  to  the  experimental  procedure.  We  were  also  par¬ 
ticularly  interested  in  investigating  the  possible  role  of  the  ventral  hyj)o- 
thalamus  because  of  the  evidence  that  the  median  eminence  is  involved  in 
the  control  of  hydroxycorticoid  secretion  (1,  2,  3).  The  results  obtained 
clearly  indicate  that  the  “unstressed”  dog  with  destruction  of  the  ventral 
hypothalamus  shows  no  abnormality  of  sodium  and  potassium  metabolism 
while  consuming  a  diet  containing  40  m.  ex\.  of  sodium  daily.  This  is  true 
whether  or  not  such  lesions  produce  inhibition  of  hydroxycorticoid  release, 
gonadal  atrophy  and/or  diabetes  insipidus.  Furthermore,  such  animals  are 
capable  of  withstanding  a  low  sodium,  high  potassium  diet  for  periods  of 
three  days  or  longer  without  ill  effects  or  appreciable  fall  in  the  .serum 
sodium  level.  Finally,  the  respon.se  to  salt  loading  in  the.se  animals  is  nor¬ 
mal. 

Recently,  Rauschkolb  and  Farrell  (18,  19)  have  advanced  the  hypoth¬ 
esis  that  there  is  a  center  in  the  diencephalon  which  controls,  through  a 
humoral  mechanism,  the  .secretion  of  aldosterone.  This  conclusion  was 
ba.sed  on  the  ob.servation  that  decapitation  and  decerebration  of  the  dog 
acutely  lowered  the  amount  of  aldosterone  secreted  in  the  adrenal  vein. 

We  have  tried  to  determine  i^  the  techniques  u.sed  in  our  experiments 
would  detect  a  chronically  depre.  •  I  secretion  of  aldosterone  by  studying 
adrenalectomized  dogs  maintained  on  ba.sal  gluco-corticoid  therapy  with¬ 
out  any  mineralo-corticoid  replacement.  The  three  dogs  so  studied  nil 
developed  severe  hyponatremia  on  this  regime,  and  they  all  died  within  14 
hours  when  placed  on  the  low  .sodium,  high  pota.ssium  diet.  It  appea  s 
reasonable  to  conclude,  therefore,  that  if  any  severe  depre.s.sion  in  aldo - 
terone  output  had  occurred  in  the  animals  with  hypothalamic  lesioi  s 
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dui  ig  the  particular  experimental  situations  studied,  hyponatremia  and 
'  inas  ility  to  withstand  the  low  sodium,  high  potassium  diet  would  have 
j  l)ee  evident. 

1  should  be  emphasized,  however,  that  the  results  in  the  present  ex¬ 
pel. nents  do  not  necessarily  disagree  with  those  of  Rauschkolb  and  Farrell 
(18  19).  In  the  first  place,  these  investigators  have  not  localized  their 

*  “al'  osterone  area”  to  any  specific  portion  of  the  diencephalon.  Figure  3 

•  sho  vs  that  large  areas  of  the  dorsal  hypothalamus  and  rostral  midbrain 
ha\  .*  lieen  left  untouched  in  our  studies.  Furthermore,  Rauschkolb  and 
Farrell  measured  the  actual  output  of  aldosterone  in  the  adrenal  vein  after 

,  the  acute  trauma  of  inserting  an  adrenal  venous  cannula.  Llaurado  (20) 

I  has  presented  evidence  that  humans  respond  to  surgical  trauma  with  in¬ 
creased  aldosterone  output.  It  is  possible,  therefore,  that  diencephalic 
^  centers  mediate  the  release  of  aldosterone  in  response  to  surgical  trauma 
while  not  effecting  the  changes  in  its  secretion  induced  by  changes  in  elec¬ 
trolyte  intake.  In  order  to  investigate  this  possibility,  we  have  measured 
aldosterone  output  in  the  adrenal  vein  blood  of  a  number  of  the  dogs  in 
the  present  series.  These  studies,  conducted  in  collaboration  with  Dr. 
Amos  Lieberman,  Dr.  Patrick  Mulrow  and  Dr.  John  Leutscher  of  the 
Stanford  University  School  of  Medicine,  are  incomplete  as  yet.  However, 
preliminary  results  suggest  that  lesions  which  inhibit  the  release  of  hydrox- 
ycorticoids  also  partially  inhibit  the  release  of  aldosterone  in  animals 
traumatized  by  the  insertion  of  an  adrenal  venous  cannula,  while  not  affect¬ 
ing  resting  sodium  and  potassium  metabolism  or  the  ability  to  withstand 
salt  restriction. 
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METABOLISM  0¥  HYDRO(X)RTISONE 
DURINO  INFLAMMATION* 
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DAVID  L.  BERLINER 

l)i  jxirtment  of  Avatomy,  Cniversity  of  I'tah  College  of  Medicine,  Salt  Lake  City,  I'tali 

ABSTRA('T 

Tho  nu'tabolisni  of  cortisol  4-C'^  was  studied  iu  irnce  subjected  to  an  inflam¬ 
ing  stimulus.  There  was  a  non-specific  concentration  of  radioactivity  in  the 
inflamed  connective  tissue,  demonstrated  by  the  fact  that  although  the 
amount  of  hormone  is  greater  on  the  inflamed  side,  the  rate  of  increase  and  d(‘- 
crease  of  hormone  concentration  is  the  same  in  both  inflamed  and  non-inflamed 
connective  tissue.  Further,  the  tissue  concentration  of  tetrahydrocortisol  glu- 
curonide  which  is  the  transformation  product  of  cortisol  by  the  liver,  reflects  the 
concentration  in  blood.  50%  of  the  cortisol  is  inactivated  in  40  to  00  minutes, 
but  the  anti-inflammatory  effect  is  maintained  for  a  much  longer  period  of  time. 
Therefore,  it  is  apparent  that  the  hormone  is  concentrated  in  the  inflamed 
tissue  in  a  non-specific  manner,  exerts  its  anti-inflammatory  (‘fleet,  and  is 
excret(*d.  The  transformation  of  cortisol  to  tetrahydrocortisol  and  to  tetra¬ 
hydrocortisol  glucuronide  occurs  in  mice  in  the  same  manner  as  in  humans. 

IXTRODUCTIOX 

IT  IS  now  well  established  that  4  pregneiie  11,17,21  triol,  3,20  dione 
(cortisol  or  hydrocortisone)  has  a  unique  and  highly  potent  anti-in¬ 
flammatory  action.  The  results  of  numerous  experiments  indicate  that 
cortisol  exerts  its  antiphlogi.stic  effect  within  an  inflamed  vmlume  of  tissue 
(1,  2).  It  acts  apparently  by  inhibiting  the  local  cell  damage  and  preventing 
influx  of  nonautochthonous  cells  into  injured  tissue  (3).  The  relatively 
greater  clinical  effect  of  cortisol  injected  directly  into  arthritic  joints  has 
also  .suggested  an  in  situ  activity  (4).  The  que.stion  has  been  raised  as  to 
whether  cortisol  itself  or  a  metabolic  product  was  the  active  anti-inflam¬ 
matory  agent  (2).  In  the  experiments  reported  here  the  metabolism  of 
cortisol  4-C'*  was  studied  to  determine  1)  whether  qualitative  or  quantita- 
ti\e  differences  in  distribution  of  the  radioactive  .substance  were  pre.sent  in 
normal  and  inflamed  connective  ti.ssue  and  in  the  blood;  2)  if  differences 
in  metabolic  products  could  be  observed  in  these  tissues;  and  3)  the  relative 
diiTerences  in  the  amounts  of  hormone  present  in  normal  and  inflamed 
connective  tissue. 
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METHODS 

Ten  female  mice  of  a  ('-57  blaek  sub-strain,  12  weeks  of  age,  were  used  in  thes(  x- 
|)eriments.  The  animals  were  adrenalectomized  4  days  before  hormone  injeetioi  A 
topical  inflammation  was  produced  6  hours  prior  to  hormone  injection  by  adminisb  ng 
0.2  ml  of  a  5%  solution  of  purified  egg  albumin  subcutaneously  in  the  right  abdom  .lal 
region  (a  standardized  inflaming  procedure,  5).  .\n  amount  of  hormone  correspoin.ing 
to  200,000  c  m  (S.A.  1.467  mc  /m.  mole)  was  injected  through  the  tail  vein.  The  anin  als 
were  sacrificed  in  pairs  at  intervals  of  10,  20,  40,  60  and  100  minutes  after  the  adminis¬ 
tration  of  the  hormone.  Duplicate  samples  of  blood,  inflamed  tissue,  and  non-inflamed 
tissue  from  the  opposite  side  were  plated  on  aluminum  discs  and  the  relative  activity 
(c/'m  mg.)  determined  in  a  windowless  Geiger  flow  counter.  Each  sample  was  ( nr- 
rected  for  self-absorption  and  counted  for  a  sufficient  length  of  time  to  give  5%  error 
or  less  (6).  Immediately  after  counting,  the  plated  tissues  were  extracted  with  a  mixture 
of  chloroform:  MeOH  (1 ;  1),  evaporated  under  nitrogen,  and  chromatographed  on 
paper  by  the  ZafTaroni  method  (7),  employing  the  hexane-formamide  and  chloroform- 
ethyl  acetate-formamide  systems.  The  method  used  for  the  identification  of  the  radioac¬ 
tive  steroids  is  described  elsewhere  (8). 

The  paper  chromatograms  were  viewed  under  a  Haines-type  scanner  (9)  which  de¬ 
fines  areas  that  absorb  ultraviolet  light  at  approximately  230-260  m/a.  The  triphenyl- 
tetrazolium  chloride  (TPTZ)  reaction  (7)  was  used  to  identify  the  primary  alpha-ketol 
side  chain.  The  Porter-Silber  reaction  was  employed  to  confirm  the  presence  of  a  17,21- 
dihydroxy,  20-ketone  side  chain  (10).  For  the  determination  of  the  alpha-,  beta  unsat¬ 
urated  ketone  in  ring  \  of  steroids  the  samples  were  eluted  in  methanol  and  read  by 
ultraviolet  spectroscopy  with  a  Model  DU  Beckman  using  silica  cells  of  0.5  ml.  volume 
and  a  1-cm.  light  j)ath.  When  steroids  are  dissolved  in  concentrated  sulfuric  acid,  the 
mixture  gives  a  characteristic  chromogen  spectrum,  which  has  previously  been  describevl 
in  detail  (11).  .\n  hydrolysis  with  beta-glucuronidase  (Ketodase)  was  performed  to  re¬ 
lease  the  glucuronic  acid  from  the  steroid  molecule  using  the  standard  procedures  (12). 

Two  types  of  derivatives  were  formed.  .Acetylation  was  done  by  adding  to  the  steroid 
3  drops  of  acetic  anhydride  and  2  drops  of  pyridine,  leaving  the  mixture  at  room  tem¬ 
perature  over  night.  Oxidation  was  performed  by  adding  0.5  mg.  of  chromic  oxide  and  10 
drops  of  glacial  acetic  acid  and  leaving  the  mixture  over  night  at  room  temperature.  The 
reaction  was  stopped  with  cold  water  and  the  material  was  extracted  with  ethyl  acetate. 

RESULTS 

The  amount  of  radioactivity  of  the  blood  dropped  rapidly  after  the  first 
20  minutes  from  a  maximum  of  38.6  c  m  mg.  to  3.5  c/m/mg.  at  100 
minutes  (Tal)le  1).  The  normal  connective  tissue  showed  a  slight  increase 
from  7.3  c  m  mg.  at  10  minutes  to  12  c  m  mg.  at  40  minutes,  then  de¬ 
creased  to  3.1  c  m  mg.  at  1  hour,  and  dropped  to  1.6  c/m  mg.  over  the 
next  40  minutes.  The  inflamed  connective  ti.s.sue  showed  an  initial  le\el 
at  10  minutes  of  20.1  c  m  mg.;  the  level  increased  rapidly  to  38.8  c/m/n.g. 
at  40  minutes  which  was  es.sentially  the  same  count  as  was  present  in  the 
blood  immediately  after  injection.  This  level  was  11  c/m  mg.  above  th  it 
found  in  the  blood  at  the  same  time;  it  then  decreased  to  7.0  c/m  mg.  t 
100  minutes  (Table  1). 

The  condition  of  the  inflamed  connective  tissue  at  40  minutes  was  ve  y 
edematous:  hov/ever,  100  minutes  after  hormone  injection  the  tissi  e 
showed  essentially  the  same  gro.ss  appearance  as  normal  tissue. 
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Table  1.  Distribi'tiox  ok  RADtoACTiviTY  after  injection  of  4-C‘^  corti.soi,  in 

ADRENALECTOMIZEI)  MICE 


Tissue 

Minutes 

10 

20 

40 

00  ! 

100 

!'■  0(1 

(:i.5. 8-42.0)  i 

:18.2 

(:i  1.0  45.5)  I 

27.8 

(20.6-20.1)  ! 

18.8  > 
(11.0-25.0)  1 

8.5 

(2. 0-4. 2) 

N  rinal 
(•(  uective 
ti  lie 

1  i 

7.:i 

(7.:i-7.:i) 

10.4  ! 

(8.2-12.7)  i 

12.0 

(11.8-12.8) 

8.1 

(1.1-5. 2) 

1  .0 

(1.5-1. 8) 

1:  lamed 
(•(  iiiccfive 

20 . 1 

(10.2-24.0) 

i  :ii.7 

1  (22.7-48.5) 

1  88.8 

1  (:18. 0-44.0) 

!  81  .0 
'  (27.2-84.4) 

7.0 

1  (8.4-10.5 

*  These  figures  represent  relative  specific  activity  (c/m/mg.)  of  dry  tissue. 


riie  difference  in  iiormone  concentration  per  milligram  of  tissue  was  ob¬ 
tained  ))y  calculating  the  difference  in  relative  specific  activity  between 
normal  and  inflamed  connective  tissue.  The  highest  difference  was  found 
from  40  to  00  minutes  after  the  injection:  at  this  time  the  difference  in  con¬ 
centration  of  hormone  was  approximately  0.000  jug. /mg,  of  tissue. 

holatinn  of  Metabolic  Products 

The  blood  samples  and  normal  and  inflamed  connective  ti.s.sue  samples 
were  separate!}’  chromatographed  on  paper.  In  the  blood  8  peaks  of  radio¬ 
activity  were  found  (Fig.  1)  and  identified  as  corti.soi,  tetrahydro  cortisol, 
and  tetrahydro  corti.soi  glucuronide.  Small  amounts  of  other  conjugated 
compounds  were  isolated  which  are  not  as  yet  identified. 

Identification.  The  specific  activities  of  the  compounds  were  determined 
l)y  methods  de.scribed  in  detail  elsewhere  (8)  and  briefly  summarized  here. 

Cortisol.  An  aliquot  of  the  radioactive  unknown  was  mixed  with  200  jug. 
of  the  known  non-radioactive  corti.soi  and  chromatographed  in  the  chloro¬ 
form  for-mamide  sy.stem.  Both  radioactive  peak  and  known  cortisol  ran  in 
the  same  position,  with  a  specific  activity  of  16.1  c/m  Vk-  The  mixture 


chloroform: ETHYL  ACETATE  (LD- FORMAMIDE  SYSTEM 


Fig.  1.  C'liminatograiitiic  ilistriliution  of  stiuoids  in  lilood  afti'r 
injection  of  cortisol  4C'^  in  adrenalectomizeil  mice. 
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was  eluted  in  methanol,  acetylated,  and  run  again  in  the  benzene  fon  i- 
amide  system  for  18  hours.  Again  the  radioactivity  and  known  compou  d 
were  in  the  same  position,  having  a  specific  activity  of  16.3  c  m  Vg-  T  le 
mixture  was  further  oxidized  and  chromatographed  in  the  same  system  }  »r 
12  hours;  the  radioactivity  and  the  carrier  had  a  specific  activity  of  1(  0 
c  m  ng.  The  latter  mixture  was  identified  as  cortisone  acetate.  Furth  r 
proof  that  the  last  derivative  was  cor+isone  acetate  is  ascertained  from  t  le 
facts  that  the  mixture  was  TPTZ  positive,  gave  a  maximum  at  240  nip  m 
methanol  and  sulfuric  chromogen  gave  maxima  at  283,  340  and  415  mp. 

Tetrahydro  cortisol  (pregnan  3-alpha,  11-bcta,  17-alpha,  21-tetrol,  20-on(). 
Identification  of  this  compound  was  based  on  the  following  data:  An  ali¬ 
quot  of  the  radioactive  unknown  was  mixed  with  200  pg.  of  known  non¬ 
radioactive  tetra hydrocortisol  and  run  in  the  chloroform-ethyl  acetate 
formamide  system.  Both  radioactivity  and  known  compound  occupied  the 
same  position,  having  a  .specific  activity  of  12.1  c  m  pg.  The  mixture  was 
then  acetylated  and  rechromatographed  in  the  benzene  system  for  7  hours; 
again  radioactivity  and  known  .steroid  had  a  specific  activity  of  12.4 
c  m  pg.  Sub.sequently,  the  mixture  was  oxidized  and  run  in  the  benzene 
system  for  4  hours,  having  a  specific  activity  of  12.2  c  m  pg.  This  deriva¬ 
tive  was  identified  as  tetrahydro  cortisone  3,21  diacetate,  which  gave  a 
positive  reaction  with  TPTZ,  a  Porter-Silber  positive,  and  no  absorption 
at  240  mp  in  methanol.  The  .sulfuric  acid  spectrum  gave  maxima  at  33.*) 
and  410  mp,  identical  with  known  tetrahydro  cortisone  diacetate. 

Tetrahydro  cortisol  ghicuronide.  This  compound  did  not  deviate  from  the 
origin  of  the  paper  chromatogram,  even  after  it  was  kept  for  48  hours  in 
the  chloroform-ethyl  acetate-formamide  system.  After  elution  a  beta- 
glucuronidase  hydrolysis  was  performed  and  the  extract  chromatographed 
in  the  same  .system,  demon.st rating  that  a  compound  with  the  Rf  of  tetra¬ 
hydro  cortisol  had  appeared.  The  procedure  for  identification  of  this  com¬ 
pound  was  the  same  as  previou.sly  described;  the  identity  of  tetrahydro 
corti.sol  was  thus  confirmed.  The  position  of  attachment  of  the  glucuronic 
acid  was  not  determined.  Other  conjugates  were  pre.sent,  since  some  radio¬ 
activity  remained  near  the  origin  of  the  chromatogram. 

The  amounts  of  the  three  radioactiv’e  steroids  in  the  blood  were  deter¬ 
mined  at  each  of  the  time  intervals  given  above  (Fig.  1).  Corti.sol  decrease;! 
progressively  with  time;  tetrahydro  corti.sol  maintained  it.self  at  a  fairl; 
constant  lev^el;  and  the  conjugates  including  tetrahydro  corti.sol  glucuro 
nide  increased  with  time  (Figs.  1  and  2)  and  came  into  equilibrium  from  4(' 
to  60  minutes.  Due  to  the  fact  that  there  were  small  amounts  of  connective 
tissue  available,  it  was  necessary  to  aggregate  in  separate  batches  all  tlx 
samples  of  inflamed  and  of  non-inflamed  ti.ssue  for  identification.  Tw( 
radioactive  zones  were  found  which  correspond  to  cortisol  and  the  con¬ 
jugates  (Fig.  3).  The  total  amounts  of  cortisol  and  conjugates  was  greatei 
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Fig.  2.  Percentage  of  total  radioactivity 
fr  in  the  different  ehromatograi)hic  peaks. 
V  iations  in  percentage  distribution  of 
c“<  :isol,  tetrahydrocortisol  and  conjugates 
ii  lie  blood  of  mice  at  various  times  fol¬ 
io  ing  intravenous  administration  of  4-C*^ 
CO  lisol. 


in  the  inflamed  connective  ti.s.sue,  although  the  percentages  found  in  the.se 
tv. o  radioactive  zone.s  were  in  the  proportion  of  1:1  for  the  inflamed  and 
non-inflamed  tissues.  The  proportions  of  free  cortisol,  tetrahydro  cortisol 
and  conjugates  in  the  ti.s.sues  were  the  same  at  any  given  time  as  those  in 
tlic  Idood  (Figs.  1  and  3). 

DISCUSSIOX 

The  experiments  demonstrated  that  loose  connective  tissue  subjected  to 
a  topical  inflaming  stimulus,  in  adrenalectomized  animals  which  received 
4-C^^  labeled  cortisol  concentrated  the  hormone  to  a  greater  extent  than 
comparable  amounts  of  non-inflamed  connective  ti.ssue  taken  from  .similar 
Imt  non-injured  areas  of  the  same  animal.  In  view  of  the  fact  that  cortisol 
was  administered  intravenou.sly  at  the  same  time  that  inflammation  was 
induced  by  a  stimulus  standardized  in  this  laboratory  (o),  it  appears  that 
the  antiphlogistic  hormone  is  attracted  in  greater  quantity  to  a  site  of 
inflammation.  However,  the  data  presented  here  tend  to  indicate  that 
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CHL0R0F0RM:eTHL  acetate  (|:I)-F0RMAMIDE  system 


Fig.  3.  Chromatographic  distribution  of  steroids  in  normal  and  inflamed  connec¬ 
tive  tissue  after  injection  of  cortisol  4C'^  in  adrenalectomized  mice. 
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there  are  no  unique  meehanisms  for  attraetiii}?  the  localizing  cortisol  (tr;  im¬ 
ping  effect)  from  the  hloo:!  to  an  inflamed  area  since  the  rates  of  incre  se 
and  decrease  of  cortisol  in  inflamed  and  non-infiamed  tissue  were  the  sai  le. 
This  point  is  further  emphasized  by  the  fact  that  the  ratios  of  cortisol  to 
the  conjugates  were  the  same  in  inflamed  and  non-inflamed  tissues  of  Die 
same  animals  (Fig.  3).  Thus,  the  influx  of  free  and  conjugated  hornn  iie 
from  blood  to  tissue  was  in  the  same  concentration.  It  appears  from  p  e- 
vious  work  that  the  liver  is  the  major  site  for  conjugation  of  steroid  hor¬ 
mones  (13),  since  there  is  no  conjugation  of  these  substances  in  hepatecio- 
mized  animals  (14,  15).  Therefore,  the  conjugated  steroid  present  in  the 
tissue  must  be  derived  from  the  blood. 

The  compounds  isolated  from  blood,  inflamed  and  normal  tissues  w(  re 
essentially  the  .same  and  were  found  in  similar  ratios  although  the  to)al 
amount  of  radioactivity  was  different  in  each  case.  The  blood  level  had 
already  started  to  drop  l)efore  the  inflamed  connective  tissue  had  reaclu'd 
its  maximum  (table  1),  and  only  a  small  increase  was  ob.served  in  the  nor¬ 
mal  connective  tis.sue. 

This  indicates  that  the  mechanism  of  accumulation  of  cortisol  in  areas 
of  inflammation  is  similar  to  that  reported  for  other  .substances  (16),  and 
.  increased  capillary  permeability  and  edema  formation  may  be  important 

•  factors.  It  has  been  previou.sly  shown  (1-4)  that  corti.sol  decreases  mark¬ 

edly  the  cellular  destruction  present  during  inflammation,  and  in  these 
experiments  a  decrease  in  edema  was  seen  to  follow  closely  the  administra¬ 
tion  of  corti.sol. 

The  maximum  concentration  of  cortisol  in  either  inflamed  or  non-in¬ 
flamed  connective  tis.sue  occurs  at  a  later  time  (40  minutes)  than  the  maxi¬ 
mum  concentration  in  blood  (0-20  minutes).  The  amount  of  hormone  de¬ 
creases  in  normal  ti.ssue  to  a  minimal  level  by  the  time  the  half  life  of  tlie 
hormone  in  blood  is  reached.  The  amount  of  hormone,  although  it  is  de¬ 
creasing,  is  greater  per  unit  amount  in  the  inflamed  tis.sue  than  in  the  blood. 
The  concentration  of  all  tissues  is  minimal  at  100  minutes. 

The  equilibrium  in  blood  between  the  conjugates  and  corti.sol  is  maximal 
between  40  and  60  minutes.  The  maximum  conversion  to  glucuronides  Ix'- 
gins  at  the  period  corresponding  to  the  greatest  concentration  of  cortisol  in 
the  connective  tissue.  It  may  thus  be  hypothesized  that  the  mechanisms 
In’  which  cortLsol  exerts  anti-inflammatory  effects  are  influenced  within  the 
first  40  minutes  after  it  is  introduced.  Following  this  period  the  blood  and 
tissue  come  into  equilibrium  for  both  the  conjugated  and  nonconjugat( d 
corti.sol  (Fig.  2). 

Attention  has  been  directed  to  the  fact  that  inflammation  was  suppre.sst  1 
by  the  dose  of  hormone  administered,  which  is  in  agreement  with  our  pr  - 
vious  investigations  (5).  The  actual  amount  of  hormone  required  to  inhib  t 
inflammation  can  be  deduced  from  the  fact  that  the  differences  in  amoui  t 
of  radioactive  substances  between  normal  and  inflamed  connective  tissi  ? 
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\\  -  0.006  ng.  mg.  of  ti.s.sue.  Since  half  of  thi.s  amount  i.s  corti.sol  and  the 
cc  ijugates  do  not  have  anti-inflammatory  potency  (5),  it  is  apparent  that 
0.'  )3  Mg-  nig.  of  tissue  is  the  maximum  amount  which  suppressed  in- 
fl:  amation  in  the  present  experiments.  A  small  portion  of  the  radioactive 
st  I'oid  included  some  metabolic  products  not  identified  here.  This  will  be 
tl  subject  of  a  later  communication. 

'he  site  of  hormone  deposition  in  the  connective  tissue  is  of  some  inter- 
es  Elsewhere  (o,  17)  it  has  been  demonstrated  that  radioactive  cortisol 
tci  ds  to  localize  mainly  either  within  or  at  the  .surface  of  fibroblasts.  This 
ct  type  compri.ses  60%  of  the  cells  of  loose  connective  tissue  of  mice  (1), 
ai:  1  since  little  hormone  was  ob.served  in  fat  or  other  cells  (17),  it  .seems 
\\V  ly  that  most  of  the  hormone  localized  here  was  bound  to  filiroblasts. 
Ti  c  destruction  of  thi.s  particular  cell  has  l)een  thought  to  be  the  trigger 
ni(  hanism  of  the  inflammatory  response  (2,  18),  and  other  studies  (5) 
ha  e  shown  that  fibrobla.sts  treated  with  cortisol  round  up  and  in  this  state 
rc-ist  destruction  in  areas  of  inflammation.  It  has  been  .suggested  that  this 
increased  resistance  to  cellular  damage  interrupts  a  chain  reaction  of 
cellular  destruction  which  potentiates  inflammation  (2,  18). 

I'he  evidence  pre.sented  here  indicates  that  the  pre.sence  of  cortisol  for  a 
prolonged  period  within  the  area  is  not  necessary  to  inhibit  inflammation 
since  it  reaches  minimal  value  at  100  minutes.  It  has  been  demonstrated 
many  times  (2)  that  inflammation  is  suppressed  in  adrenalectomized  ani¬ 
mals  for  prolonged  periods  (24  hours  and  more)  following  a  single  injection 
of  corti.sol.  Further,  other  experiments  demonstrate  that  metabolic  prod¬ 
ucts  of  radioactive  corti.sol  can  be  recovered  quantitatively  in  excretory 
products  within  24  hours  (19).  Thus  it  appears  that  cortisol  tends  to  enter 
inflamed  ti.ssue  in  a  non-specific  manner,  produces  its  anti-inflammatory 
effects,  comes  into  equilibrium  with  blood  and  then  is  excreted.  Since  in¬ 
flammation  continues  to  be  .suppres.sed  after  the  hormone  concentration  of 
connective  ti.s.sue  decrea.ses,  it  is  probable  that  cortisol  induces  alterations 
in  local  tissue  elements  which,  in  turn,  are  in  .such  .state  as  to  resist  the  con¬ 
tinuation  of  the  inflammator}'  respon.se.  Thi.s  deduction  is  .supported  by 
histochemical  data  presented  elsewhere  (17).  It  is  apparent  that  there  is 
no  degradation  of  the  cyclopentane  perhydro  phenanthrene  nucleus 
(gonane  nucleus)  during  the  period  when  cortisol  exerts  its  anti-inflamma¬ 
tory  effect.  In  this  .sen.se  there  is  no  “utilization”  of  the  ring  structure  in  in¬ 
flamed  ti.s.sue.  Other  .studies  are  designed  to  investigate  the  relationships 
between  the  metabolites  of  corti.sol  and  the  anti-inflammatory  effect. 

The  metabolism  of  cortisol  is  very  rapid  and  resembles  very  much  that 
reported  in  the  human  (19).  The  free  .steroid  had  a  half-life  of  60  minutes 
in  the  blood  in  our  experiments  with  the  formation  of  tetrahydrocortisol 
ai.fl  its  glucuronide  as  major  derivatives.  The  half-life  in  human  blood  is 
7('  minutes  (20).  Another  compound  obtained  after  beta-glucuronidase  hy- 
(holy.sis  was  not  fully  identified,  but  resembled  beta-cortol  (21)  in  its 
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chromatographic  characteristics.  This  compound  is  also  a  metabolite  of 
cortisol  in  humans  (19). 
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T  iYROID  IODINE  METABOLISM  FOLLOWING  PARTIAL 
THYROIDECTOMY  IN  THE  RAT* 
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[J-  lartmenlx  of  Psojchintrij  and  of  Medicine,  Washingtoji  I'niversitg,  St.  Loiiin,  .\!u.‘<0Hri 


ABSTRACT 

('(tinpiMisatory  tliyroid  liypcitrophy,  and  thyroid  iodine  inotaholisin  have 
l)een  studied  following  heini-  and  three-quarter  thyroideetoiny  in  the*  rat.  Ani¬ 
mals  have  hec'ii  studied  at  different  time  intervals  and  at  two  environmental 
tempc'ratures,  21°  and  2h°  C.  The  increase  in  tln  roid  remnant  weight  which 
follows  ])artial  thyroidectomy  is  accompanied  by  an  increase  in  iodi(h‘-trai)ping 
ability  (thyroid  serum  ratio),  and  a  more  rai)id  turnover  of  iodine  in  tlu'  thyroid 
gland.  These  changes  appear  to  be  a  good  measure  of  activation  of  the  thyroid 
remnant  after  partial  thyroidectomy. 

During  the  course  of  a  study  of  hypothalamic  influences  on  the 
pituitary-thyroid  axis  it  l)ecame  iieces.sary  to  standardize  techniejues 
in  the  rat  for  the  measurement  of  the  pituitary  thyrotrophic  hormone 
(TSH)  response  to  lowered  blood  thyroid  hormone  levels.  The  classical  n 

method  for  studying  this  re.sponse  is  the  demonstration  of  regeneration 
of  the  thyroid  gland  after  partial  thyroidectomy.  In  the  following  experi¬ 
ments,  this  method  has  been  further  elaborated  by  measuring  certain  func-  ; 

tional  changes  in  thyroid  iodine  metabolism  in  the  regenerating  thyroid  ; 

remnant.  This  paper  is  concerned  with  the  effect  of  partial  thyroidectomy  ; 

in  the  normal  rat  on  the  U®*  uptake,  the  rate  of  U®*  release,  and  the  thyroid  , 

/serum  iodide  ratio.  A  preliminary  report  illustrating  the  use  of  certain  of  ; 

tlie.se  methods  in  the  study  of  rats  with  hypothalamic  le.sions  has  been 
published  (1). 


METHODS 

-Male  rats  of  the  Sprague-Dawley  strain,  weighing  between  130  ami  4.S0  gm.  were 
ii'cd.  Purina  Laboratory  Chow  and  tap  water  were  given  ad  libitum.  The  animals  were 
housed  in  a  controlled  temperature  room  which  was  illuminated  by  constant  j)eriods  of 
light  and  darkness.  Increase  in  I'**  release  rate  following  partial  thyroidectomy  was 
nio.st  readily  demonstrable  in  animals  maintained  at  26  +  1°  C,  and  this  temperature 
was  used  in  experiments  in  which  I”*  release  rates  were  measured.  In  experiments  on 
changes  in  thyroid-iodide  .serum  ratio  the  animals  were  maintained  at  21+1°  C  before 
and  after  operation  in  order  to  provide  stimulus  to  regeneration  greater  than  that  seen 
in  animals  maintained  at  26°  C. 

Rec(*ived  September  12,  1957. 

'  This  work  was  supported  in  part  by  C.  S.  Public  Health  Service  Grant  B  .S34  C 
and  by  a  grant  from  the  Commonwealth  Fund,  and  was  carried  out  during  the  tenure 
‘  •  a  Lowell  M.  Palmer  Fellowshij). 


463 


4(54 


REICHLIN 


Volumi  2 


Thyroid  /'**  Release  Rate: 

Thyroid  I”'  release  rates  were  determined  by  twice  daily  counts  of  neck  radioaetiv  y 
l)eKun  24  to  4S  hours  after  the  intraperitoneal  injection  of  20  or  40  fiC  of  I'*'.  The  te  i- 
nique  used  for  neck  counting  has  been  described  previously  (2).  Although  non-thyi  id 
neck  radioactivity  makes  up  less  than  5%  of  total  neck  radioactivity  at  4S  hours  in  ii  r- 
mal  animals,  it  was  necessary  to  utilize  a  correction  factor  to  determine  release  eurve.'^  m 
animals  that  had  beem  subjected  to  removal  of  three-fourths  of  the  thyroid  gland  I  e- 
cause  of  the  low  total  thyr(»id  iodine  content  in  relation  to  the  non-thyroid  neck  rad  o- 
activity.  The  ctirrection  was  also  applied  to  the  control  and  hemithyroidectomiz d 
groups  in  the  post-oi)erative  curv(*.  The  factors  were  derived  from  serial  observations  nf 
the  neck  counts  of  a  group  of  seven  totally  thyroidectomized  rats. 

/'*'  I'ptake: 

I**'  uptake  was  measured  at  intervals  of  6,  12,  24  and  4H  hours  after  the  intraix  r- 
itoneal  injection  of  40  pQ  of  carrier  free  I'®',  and  was  e.xpressed  as  a  percentage  of  the 
administered  dose,  an  aliquot  of  which  was  counted  in  the  same  position  in  relation  to 
the  counter  as  the  thyroid  gland  of  the  animals  studied.  The  values  so  obtained  measure 
quantitative  differences  in  uptake,  but  do  not  give  a  measure  of  the  absolute  amount 
of  in  the  gland  since  correction  for  back-scatter  has  not  been  made.  Correction  for 
non-thyroid  neck  radioactivity  was  required  at  early  intervals  after  administration 
and  this  was  derived  in  a  preliminary  e.xperiment  by  counting  neck  radioactivity  immeili- 
ately  after  thyroidectomy  in  groups  of  six  rats  each,  a  group  being  sacrificed  at  each 
of  the  above  time  intervals  after  I”*  administration. 

Thyroid  Seruio  Iodide  Ratio: 

The  thyroid  serum  iodide  ratio  (T  S  ratio)  was  measured  utilizing  the  method  of 
VanderLaan  and  (Jreer  (3).  Two  hours  before  death  the  animals  were  injected  intra- 
jjeritoneally  with  0  mg.  of  n-propylthiouraeil*  in  1.0  ml.  of  0.01  N  NaOH  in  physiological 
saline  solution.  One  hour  later  5  pC  of  carrier  free  I*”  was  injected  subcutaneously.  .\t 
the  time  of  sacrifice  neck  blood  was  obtained  by  decapitation  and  the  thyroid  gland  was 
cleaned  and  weighed  to  0.1  mg.  on  a  torsion  balance.  The  radioactivity  of  the  thyroid 
gland  and  of  0.1  ml.  of  serum  were  determined  in  a  well  type  scintillation  counter  and 
the  T  S  ratio  calculated  from  these  data. 

Partial  Thyroidectomy: 

This  operation  was  carried  out  under  ether  anesthesia,  with  atropine  premedicati<in 
(0.4  mg.)  in  both  thyroidectomize*!  and  sham  operated  controls.  In  the  hemi-thyroid- 
ectomy  j)rocedure  the  left  lobe  of  the  thyroid  gland  was  dissected  free  from  the  trachcM. 
trimmed  and  weighed  to  0.1  mg.  on  a  torsion  balance.  The  parathyroid  gland  was  left 
attached  to  the  trachea.  In  the  operation  of  three-quarter  thyroidectomy  the  left  lobe 
was  removed  and  weighed,  and  the  lower  half  of  the  right  lobe  removed  and  weighed. 
An  estimate  of  the  weight  of  the  residual  tissue  could  be  made  by  subtracting  tie* 
weight  of  the  removed  portion  of  the  right  lobe  from  the  weight  of  the  left  lobe.  l-i 
sham  operated  controls,  the  thyroid  gland  was  mobilized  and  the  isthmus  severed. 

RESULTS 

I.  The  effect  of  partial  thyroidectomy  on  release  rate 

«.  The  immediate  effect  of  hemi-thyroidectomy  on  /‘®‘  release.  Following  a* 
initial  control  period  of  observation  of  the  P*'  release  rate  in  17  rats  the  lef 

*  Obtained  through  the  kindness  of  Dr.  Htanton  M.  Hardy,  Lederle  Laboratorie- 
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1(  'C  of  tlie  tliyroid  gland  was  removed.  The  “release  curve”  was  suhse- 
ently  followed  until  counting  rates  fell  to  below  twice  background  levels. 
1  VO  of  the  17  hemi-thyroidectomized  rats  developed  local  hematomata 
a  I  one  a  local  abscess,  and  these  were  discarded  from  the  series.  Four 
a  litional  rats  were  subjected  to  sham  thyroidectomy. 


Fig.  1.  Ri'iiioval  of  the  left  lobe  of  the  thyroid  shind  during  the  course  of  a  release 
curve.  Hy  measurement  of  neck  radioactivity  before  and  after  the  thyroidectomy  the 
removed  i)ortiou  was  found  to  be  62.3%  of  the  total  gland  content.  An  initial  accelera¬ 
tion  of  release  within  the  first  j)ost-operative  day  was  observed. 

The  immediate  effects  of  hemi-thyroidectomy  on  relea.se  rates  were 
ariable.  In  each  of  three  animals,  a  marked  increase  in  the  rate  of  relea.se 
occurred  during  the  first  post-operative  day  (Fig.  1).  Thereafter,  continued 
aiore  rapid  release  rate  was  noted  in  one  of  the  three,  the  other  animals 
howing  either  no  change  or  a  slowing  of  rate,  as  compared  with  pre-opera- 
ive  levels. 

In  six  animals,  sustained  increa.se  in  I'*^  relea.se  rate  apparently  began 
vithin  the  first  post-operative  day  (Fig.  2).  The  average  ratio  of  post- 
)perative  to  pre-operative  .slopes  in  the  group  of  nine  animals  showing 
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Fig.  2.  Rf'inoval  of  tlie  loft  lobo  of  tho  thyroid  Khind  <liiiing  tho  coiirso  of  a  reloaso 
ourvo.  By  moasiironiont  of  nock  radioactivity  before  and  after  thyroidectomy  the  rc'- 
nioved  portion  was  found  to  59.1%  of  the  total  gland.  A  sustaiin'd  increase  in  release 
rat('  was  noted  beginning  within  the  first  postoperative  day 

acceleration  was  1.32.  There  was  no  change  in  slope  following  hemi- 
thyroidectom}'  in  three  rats  (Fig.  3),  and  in  two  others,  the  slope  of  the 
post-operative  release  curve  was  slower  than  the  pre-operative  curve  (po.st- 
operative  to  pre-operative  slope  ratio  0.87).  Nine  of  the  fourteen  rats  there¬ 
fore  gave  evidence  of  increased  rate  of  relea.se  beginning  within  24  hours 
of  hemi-thyroidectomy. 

Sham  thyroidectomy  exerted  no  effect  on  relea.se  rate  in  three  of  the  four 
rats,  and  in  the  fourth  animal  a  two-day  period  of  thyroid  inhibition  oc¬ 
curred,  followed  l\v  a  return  to  a  release  rate  that  was  slightly  faster  than 
that  of  the  control  period. 

h.  Late  changes  in  release  rates  folloxeing  partial  thgroidectomy.  Radio 
iodine  release  curves  were  studied  in  three  groups  comprising  sev^en  rat.s 
each  before  and  eight  weeks  after  sham  thyroidectomy,  hemi-thyroidec 
tomy  or  three-quarter  thyroidectomy  (Fig.  4).  Curves  plotted  by  the  meth 
od  of  lea.st  squares  from  the  average  of  neck  counts  indicated  an  increase 
of  9.2%  (18.4  to  20.1%  per  day)  in  post-operative  slope  in  the  shan 
thyroidectomized  animals,  an  increa.se  of  20.6%  (from  21.9  to  26.4%  pei 
day)  in  the  hemi-thyroidectomized  animals,  and  in  the  three-quarter  thy- 
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TIME  IN  DAYS  AFTER  INITIAL  NECK  COUNT 

Fig.  3.  Removal  of  the  left  lobe  of  the  thyroid  gland  during  the  course  of  an  I*’* 
release  curve.  No  difference  between  pre-  and  post-operative  slopes  was  observed  in 
this  animal. 

roidectomized  animals  an  increase  of  35.5%  (from  21.1  to  28.6%  per  day). 
In  considering  changes  in  the  .slopes  of  individual  animals  it  should  be 
pointed  out  that  increase  in  release  rate  occurred  in  every  individual  sub¬ 
jected  to  either  hemi-  or  three-quarter  thyroidectomy  and  this  increase 
varied  between  15%  and  154%.  On  the  other  hand,  only  one  of  the  control 
animals  showed  an  increa.se  in  .slope  that  was  greater  than  15%  (42%). 
the  rest  not  exceeding  an  8%  increase  over  baseline  levels. 

II  The  effect  of  partial  thyroidectomy  on  thyroid  uptake 

Thyroid  radioiodine  content  at  intervals  of  6,  12,  24  and  48  hours 
at  er  intra peritoneal  injection  of  40  nC  of  carrier-free  P®‘  was  determined 
in  the  three  groups  of  animals  described  in  the  preceding  paragraph 
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TIME  IN  DAYS  AFTER 
INITIAL  NECK  COUNT 


TIME  IN  DAYS  AFTER 
INITIAL  NECK  COUNT 


BEFORE  OPERATION 
AFTER  OPERATION 


Fig.  4.  The  efTeet  on  I'”  release  rates  of  removal  of  one-half  or  three-ijuarters  of  the 
thyroid  gland  of  the  rat.  Eaeh  grouj)  consisted  of  7  animals,  and  release'  rates  were  <le- 
termined  immediateh'  before  and  S  weeks  after  oiieration.  Lines  fitted  by  method  of 
least  squares. 


(Tal)le  1).  Tliese  animals  were  studied  8  weeks  after  operation.  It  was 
noted  that  the  higliest  thyroid  radioactivity  was  found  at  24  hours  in 
the  control  animals  (differences  between  ob.servations  at  12,  24,  and  48 
hours  significant  at  99%  level  of  probability).  Peak  levels  occurred  at  12 
hours  in  lioth  the  hemi-thyroidectomized  and  three-quarter  thyroideefo- 


Table  1.  Thyroid  I*’*  uptake  i.n  partiai.ly  thyroidectomized  rats 


1 

Ciroup 

i 

Number 
of  i 

animals  | 

Thyroid  I*’*  content  (%  administered  dose) 

0  hr.  1 

12  hr.  j 

24  hr. 

j  48  hr. 

Control 

7 

9.4  1 

Id.  5 

14.8 

1  12.8 

1-Thvroidectomv 

7.6  1 

11 .4+0.9* 

10.8 

1  8.5 

J-Thyroidectomy 

7 

:lo  1 

4.4  ±0.. 9** 

4.1 

1  3.0 

Italicized  values  are  the  highest  radioiodine  contents  noted. 

*  Differences  between  thyroid  I‘”  content  in  control  group  at  all  time  intervals  sigi  ti- 
cant  at  P  <0.05. 

**  Differences  between  thyroid  I'*'  content  in  both  hemi-thyroidectomized  and  J-tl  '• 
roidectomized  at  12  and  24  hours  not  statistically  significant. 
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Table  2.  Comi’Ensatory  hyrertroi’Hy  and  thyroiu/serum  iodide  ratio 

t'HAXOES  KOLLOWIXO  J-TH YROIDECTOM Y 


T  .0  after 
irtial 

T  roidoe- 

1 

Num¬ 
ber  of 
ani- 

Body  weight, 
gm. 

Weight  of  thyroid  i 
remnant,  > 

mg.  ±S.F.  ' 

Tliyroid  leninant  weight 
body  weight  ratio, 
nig.  kg.  ±S.K. 

Thyroid; 
serum  I*’* 
ratio  ±  S.K. 

toi  (days) 

mats 

Initial 

Final 

Initial 

Final 

Initial 

Final 

15  ' 

C'ontrol 

5  ' 

138 

218 

— 

18.0  +  0.1 

_ 

0.83±0.04 

18.4±3.7 

Thyroidoctoniiaed 

4 

134 

1!)3 

3. 3  +  0. 5 

8.1±2.1 

0.24±0.03 

0.40±0.07 

56.4+11.2 

:«) 

(‘ontrol 

5 

143 

21)5 

—  1 

11».3±1.3 

1  _  j 

0.66  +  0.05 

21).0±2.1 

Thyroidectoiiii*(*d 

5 

1411 

11)6 

1,1)±0.4 

10.2±0.8 

1  0.14  +  0.03 

0.43  ±0.05 

38. 7  +  1). 6 

45  ' 

('ontrol 

5 

'  142 

328 

i  _  1 

22.4  +  0.7 

i  _  1 

0.68  +  0.03 

33.7  +  4.5 

Thyroideetoniizcd 

135  ; 

302 

1  2.6±0.4 

8.6±1.2 

1  0.20  +  0.03 

1  0.29±0.(I5 

50.3  +  8.8 

Ill  /-ed  groups  (differences  between  observations  at  12  and  24  lionrs  no! 
St  tistically  significant;  between  24  and  48  hours  significant  at  99%  level 
of  probability).  At  eight  weeks,  although  there  had  been  relative  increases 
in  ladioiodine  uptake  in  the  hemi-thyroidectoinized  animals  this  had  not 
KMched  control  levels.  The  radioiodine  uptake  of  the  three-(iuarter  thyroid- 
ecioniized  animals  was  only  80%  of  that  of  the  control  group. 

111.  The  effect  of  partial  thyroidectomy  on  thyroid  serum  iodide  ratio 

In  this  experiment  groups  of  rats  were  subjected  to  three-quarter  thy¬ 
roidectomy  or  to  sham  thyroidectomy  and  kept  at  a  temperature  of 
21  ±1°  C.  At  intervals  of  15,  80  and  48  days  the  animals  were  sacrificed 
and  the  T/S  ratio  determined  (Table  2).  It  is  apparent  that  significant  in¬ 
crease  in  T  S  ratio  occurred  in  groups  studied  at  all  three  intervals.  There 
(lid  not  appear  to  be  a  tendency  for  progressive  increase  in  iodide-trapping 
ability  with  time  between  two  and  six  weeks.  The  average  T  S  ratio  of  the 
partially  thyroidectomized  animals  was  48.0+5.5  S.E.  in  contrast  to  a 
T  S  ratio  of  28.4  +2.5  S.E.  in  the  controls,  representing  a  highly  significant 
jiicrease  of  09%  over  control  levels. 

I\  .  Compensatory  hypertrophy  following  partial  thyroidectomy 

Data  are  available  from  two  experiments.  These  are  in  animals  sub¬ 
jected  to  hemi-  and  three-quarter  thyroidectomy,  maintained  at  26°  C,  and 
sacrificed  at  ten  weeks  (Table  8)  and  in  rats  subjected  to  three-quarter 


Tablk  Compensatory  hypertrophy  ten  weeks  followino  partial 

THYROIDECTOMY  IN  THE  RAT 


( iroup 

Num¬ 
ber  of 
ani¬ 
mals 

Body  weiisht 
(ism.) 

WeiKht  thyroid 
remnant 
(mu,  ±  S.E.) 

Th.vroid  remnant 
weight  /body 
weight 
fmg./kg.) 

Initial 

Final 

Initiiil 

Final 

Initial 

Final 

^  lam  Thvroideptoinv 

7 

802 

442 

_ 

25 .7  +  1.8 

0.58 

'  Thvroidectomv 

7 

284 

480 

0.1  +0.8 

14.7  +().(> 

0.82 

0.84 

3  Thyroidoptomy 

7 

28(i 

8!r2 

8.7  ±2.2 

7.4  +  1  .8 

0.18 

0.10 
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thyroidectomy,  maintained  at  21°  C,  and  sacrificed  at  approximately  t\\  >- 
week  intervals  up  to  six  weeks  following  the  operation  (Table  2).  In  t  .e 
first  experiment  (Table  3)  there  was  a  61%  increase  in  thyroid  remna  it 
weight  in  the  hemi-thyroidectomized  animals,  and  a  100%  increase  in  rei  > 
nant  weight  in  the  three-quarter  thyroidectomized  animals.  If  one  es  i- 
mates  the  initial  total  thyroid  weight  in  the  control  animals  from  observa¬ 
tions  of  initial  hemi-thyroid  weight  in  the  hemi-thyroidectomized  animals 
(18.2  mg.)  there  appears  to  have  been  a  41%  increase  in  thyroid  size  in  the 
control  group.  In  neither  group  of  partially  thyroidectomized  animals  did 
the  final  weight  of  the  remnant  approach  the  total  weight  of  the  thyroid 
glands  of  control  animals.  Estimations  of  compensatory  hypertrophy  basfd 
on  thyroid  weight  body  weight  ratios  before  and  after  operation  gave  Ic's 
clear  evidence  of  relative  hypertrophy  in  the  hemi-thyroidectomized  ani¬ 
mals  (0.32  mg  Kg.  vs.  0.34  mg.  Kg)  than  they  did  in  the  three-(iuartcr 
thyroidectomized  animals  in  which  this  ratio  rose  from  0.13  to  0. 10 
mg.  Kg.,  a  change  of  46%. 

In  animals  maintained  at  21°  C  there  is  clear  evidence  of  increasi'd 
thyroid  size  l)oth  absolute  and  relative  at  all  three  intervals  following 
partial  thyroidectomy.  The  maximum  relative  increase  in  remnant  size 
was  noted  in  animals  sacrificed  at  30  days  (207%),  but  there  are  too  few 
animals  in  each  group  to  be  certain  that  this  time  interval  is  associated 
with  the  maximum  change  in  relative  thyroid  size. 

DISCUSSION 

These  experiments  have  outlined  certain  changes  in  thyroid  iodine 
metabolism  which  occur  in  the  thyroid  remnant  following  partial  thyroid¬ 
ectomy. 

Within  the  first  day  of  hemi-thyroidectomy  an  increase  in  rate  of  radio¬ 
iodine  release  from  the  thyroid  remnant  was  observed.  Non-specific  effects 
of  operative  stress  can  be  excluded  as  a  cause  of  this  response  since  it  did 
not  occur  in  sham  operated  animals,  does  not  occur  following  laparotomy 
in  the  rat  (unpublished  observations),  and  does  not  occur  in  rabbits  sub¬ 
jected  to  surgical  trauma  (4).  It  is  probable  that  this  phenomenon  is  a  re¬ 
flection  of  increased  TSH  release  in  respon.se  to  the  direct  or  indirect  effects 
of  lowered  blood  thyroid  hormone  levels  which  are  in  turn  consequent  upon 
the  removal  of  half  of  the  functioning  thyroid  tissue. 

Considerable  interest  is  attached  to  the  observation  that  apparent  in¬ 
crease  in  TSH  relea.se  was  noted  within  24  hours  of  hemi-thyroidectom  ’. 
Logothetopoulos  and  Doniach  (5)  employing  histological  criteria,  ha'  e 
also  found  evidence  of  increase  in  TSH  release  within  3  days  of  a  simil.  r 
procedure. 

Although  early  acceleration  of  release  rate  occurred  in  the  majoriiv 
of  normal  animals  studied,  the  fact  that  a  third  failed  to  show  this  respon  3 
makes  it  a  relatively  unreliable  test  of  the  pituitary  response  to  lowen  I 
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1)1  lod  thyroid  hormone  levels.  Some  of  the  factors  interfering  with  the  effect 
n  ly  have  been  the  associated  trauma  with  its  non-specific  depressing  effect 
01  thyroid  function,  differences  in  peripheral  turnover  time  of  thyroxine, 

'  0.  differences  in  the  sensitivity  of  the  mechanisms  concerned  with  the 

'  n  ease  of  TSH. 

I  Jn  the  other  hand,  increase  of  P®*  release  rate  of  15%  or  more  was 

a  parent  in  all  animals  subjected  either  to  hemi-  or  three-quarter  thyroid- 

ei  tomy  when  tested  at  eight  weeks  after  operation.  Only  one  of  the  sham 
0  erated  control  animals  showed  a  comparable  degree  of  acceleration, 

I  w  lich  suggests  that  the  release  eurve  obtained  after  several  weeks  is  a 

'  n  iatively  reliable  index  of  increased  thyroid  activity  and  presumably 

t!  erefore  of  increased  TSH  release.  A  similar  acceleration  of  iodine  turn- 
o  er  following  partial  thyroidectomy  has  been  deseribed  previously  to 
'  01  cur  in  the  rat  (5)  and  rabbit  (ff). 

In  the  evaluation  of  quantitative  changes  in  release  rates  after  partial 
thyroidectomy  the  influence  of  partial  thyroidectomy  upon  recirculation 
of  from  peripherally  degraded  thyroid  hormone  must  be  considered.  De¬ 
crease  in  the  uptake  of  iodine  through  loss  of  thyroid  mass  will  lead  to  an 
observed  increase  in  P®‘  release  rate  since  the  ol)served  release  rate  is  re¬ 
lated  to  the  aetual  release  rate  by  the  formula 

Hn  =  R„  -  (C  RJ 

where 

R!i  =  observed  release  rate  in  %  per  day 

Ra  =  actual  release  rate  in  %  per  day 

C  =  fraction  of  thyroxine  iodine  which  is  taken  up  by  the  thyroid  gland. 

From  the  data  given  in  this  paper  it  is  not  possible  to  ealculate  precisely 
the  magnitude  of  the  change  in  observed  release  rate  which  is  attributable 
to  the  change  in  thyroid  iodine  uptake.  The  fraction  of  P®*  which  is  re¬ 
circulated  is  not  known  accurately,  and  there  is  a  variable  degree  of  increase 
in  iodine  uptake  with  time  after  partial  thyroidectomy.  .\  rough  estimate  of 
tlie  magnitude  of  the  change  in  observed  release  rate  can  l)e  derived  from 
data  in  section  Ib  and  Table  1.  In  normal  animals  an  observed  release  rate 
of  18.4%  per  day  would  reflect  an  actual  release  rate  of  21.0%  per  day  if 
0  148  is  the  fractional  recirculation  of  degraded  thyroidal  iodine.  Follow¬ 
ing  the  removal  of  three-quarters  of  the  thyroid  gland  (and  provided  there 
there  was  no  increase  in  P^‘  uptake  relative  to  the  size  of  the  remnant)  an 
actual  release  rate  of  21.6%  per  day  would  give  an  observed  release  rate  of 
2').8%  per  day  instead  of  the  rate  of  18.4%  which  was  observed  in  intact 
animals.  This  is  a  difference  of  13%  which  is  considerably  less  than  the 
3").5%  difference  observed  in  the  present  studies.  Similar  calculations, 
I  ised  on  expected  changes  after  hemi-thyroidectomy  indicate  that  an  ob¬ 
served  release  rate  of  18.4%  per  daj’  would  be  expected  to  increase  to  20.0% 
1  er  day.  This  difference  (8.4%)  may  be  contrasteu  with  the  observed  ac- 
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oeleration  in  the  hemi-thyroidectomized  animals  of  30.6%.  It  is  notewort  y 
that  release  rates  did  not  increase  in  proportion  to  thyroid  tissue  loss,  si  f- 
gesting  inadequate  compensatory  function. 

From  the  work  of  Rawson,  Sterne  and  Aub  (7)  it  is  at  least  theoretical  y 
possible  to  attribute  the  increased  release  rate  following  partial  thyroi  1- 
ectomy  to  decreased  destruction  of  a  constant  amount  of  TSH  by  a  small  r 
mass  of  thyroid  tissue  rather  than  to  increased  TSH  output.  This  possibli  v 
is  not  likely  for  several  reasons.  It  has  been  shown  that  the  rate  of  TSH 
destruction  in  the  whole  animal  is  a  function  of  general  body  metabolic 
rate  and  not  of  local  destruction  by  the  thyroid  gland  (8,  9).  Moreover,  in  a 
.specific  inve.stigation  of  this  point  it  was  demonstrated  by  Logothetopoulos 
and  Uoniach  (o)  that  TSH,  when  injected  into  hypophy.sectomized,  hemi- 
thyroidectomized  animals  exerted  no  greater  effect  on  the  thyroid  remnant 
than  do  similar  injections  into  hypophysectomized  animals  with  intact 
thyroid  glands. 

In  the  present  studies  uptake  was  increased  after  partial  thyroidec¬ 
tomy  relative  to  the  amount  of  ti.ssue  left  at  the  time  of  operation.  This  was 
shown  in  the  hemi-thyroidectomized  animals  (Table  1)  in  which  up¬ 
take  was  75%  of  the  normal  amount.  This  finding  is  confirmatory  of  those 
in  the  rat  (5),  rabbit  (6)  and  man  (10).  The  three-quarter  thyroidectomizcd 
animals  did  not  .show  this  effect  to  a  significant  degree,  their  highest  uptake 
value  being  only  30%  of  the  normal.  This  is  a  discrepant  finding  in  view  of 
the  results  with  hemi-thyroidectomized  animals,  and  tho.se  in  Part  HI 
(Table  2)  in  which  three-quarter  thyroidectomy  was  followed  by  a  striking 
increase  in  thyroid  size  and  avidity  for  iodide.  The  apparent  low  uptake  is 
not  entirely  due  to  the  more  rapid  turnover  of  iodine  in  the  gland  since  the 
relea.se  rates  in  this  group  were  only  moderately  increa.sed  over  the  normal. 
U.sing  a  3-hour  determination  of  thyroid  radioactivity,  Logothetopoulos 
and  Doniach  (5)  have  found  progressive  increa.se  in  uptake  up  to  120  days 
after  three-quarter  thyroidectomy. 

Partial  thyroidectomy  led  to  an  increa.se  in  the  avidity  of  the  gland  for 
iodide,  typified  by  an  increase  in  the  thyroid/.serum  iodide  ratio.  The  T  S 
ratio  is  clearly  influenced  by  the  degree  of  TSH  .stimulation  (3)  and  in¬ 
crea.sed  TSH  stimulation  is  proliably  respon.sible  for  the  changes  observed 
in  these  experiments.  There  are  other  factors,  however,  independent  of 
TSH  .stimulation  which  influence  iodide  trapping.  The  existence  of  these 
modifying  influences  has  led  to  criticism  of  Clreer’s  contention  (11)  that 
there  are  two  kinds  of  thyroid-.stimulating  .sub.stances  of  pituitary  origin, 
one  which  influences  growth,  and  the  other  which  influences  thyroid  iodid  > 
trapping  (12,  13,  14,  15).  In  view  of  the  fact  that  the  pre.sent  experiment 
were  carried  out  preliminary  to  experiments  on  the  hypothalamic  reguhi 
tion  of  the  pituitary  thyroid  axis,  it  is  important  to  consider  whether  th 
increa.se  in  T  S  ratio  which  follows  partial  thyroidectomy  can  be  due  t< 
anything  but  increased  stimulation  of  the  thyroid  gland. 
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The  critical  olxservation  made  by  VanderLaan  and  Caplan  (13),  Malmi 
ai  1  Spirtos  (14)  and  Halmi  (12,  lo)  is  that  the  T  8  ratio  is  also  dependent 
in  some  way  upon  the  iodine  concentration  of  the  thyroid  gland,  which 
fa  Is  in  the  presence  of  iodine  deficiency,  or  after  prophylthiouracil  adminis- 
tr  tion.  Despite  the  fact  that  partial  thyroidectomy  reduces  the  size  of  the 
tl  roid  iodine  pool,  the  concentration  of  iodine  containing  compounds 
w  diin  the  remnant  is  identical  with  that  of  the  whole  gland,  and  would  be 
e:  :)ected  to  have  the  same  avidity  for  iodine.  If  the  concentration  of  iodine 
(■»  fitaining  compounds  within  the  regenerating  remnant  changed,  it  could 
1)1  due  only  to  alteration  in  the  steady  state  of  the  thyroid  gland  by  an  in- 
ci  ‘ase  of  iodine  loss  over  iodine  organification,  or  by  an  increase  in  gland 
si  e  relative  to  iodine  content.  In  the  absence  of  anti-thyroid  drugs,  and  in 
tl  e  presence  of  constant  high  dietary  iodine,  this  alteration  in  steady  state 
c<'iild  only  arise  as  a  consequence  of  increased  thyroid  metabolic  activity 
01  growth.  Therefore,  even  if  the  rise  in  T  S  ratio  were  merely  a  conse- 
(|iience  of  change  in  some  iodine  containing  compound  within  the  gland,  it 
would  still  appear  to  l)e  an  index  of  thyroid  activation. 

In  all  experiments,  regeneration  of  the  thyroid  remnant  after  partial 
thyroidectomy  was  noted.  This  was  apparent  even  at  two  weeks  in  animals 
maintained  at  21°  (\  This  change  was  to  be  anticipated  from  the  large 
niiml)er  of  similar  observations  in  the  literature  (o,  (i.  Hi,  17). 
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PATHOLOGIC  CHANGES  IN  SENSITIZED  RATS 
EXPOSED  TO  STRESS* 
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ABSTRACT 

Male  rats  of  the  Sprague- Dawley  strain  were  subjected  to  unilateral 
nephrectomy  and  were  given  a  high  sodium  chloride  diet  to  eat  ad  libitum.  These 
sensitized  rats  were  exposed  to  various  stressors  (limb  ligation  once  each 
week,  surgery  once  each  week,  hemorrhage  twice  each  week,  a  burn  once  each 
week,  a  fracture  once  each  week,  or  an  injection  of  1  per  cent  formaldehyde 
twice  each  day)  for  8  weeks.  It  should  be  emphasized  that  each  form  of  stress 
was  near  the  maximum  severity  which  could  be  tolerated  by  the  rats.  Some 
pathology  occurred  in  the  kidneys  of  non-stressed  sensitized  rats  and  was 
aggravated  by  exposure  to  some  of  the  stressors.  Three  of  the  stressed  rats  had 
elevated  blood  pressures.  Myocardial  changes  were  seen  in  only  a  few  of  the 
stressed  animals.  The  pathology  caused  by  these  stressors  was  less  severe  than 
that  seen  in  sensitized  rats  overdosed  with  hormones  and  in  sensitized  rats 
exposed  to  cold  in  other  experiments.  The  hearts  and  kidneys  did  not  increase 
in  size  when  the  animals  were  exposed  to  various  stressors,  the  weights  of  thy¬ 
mus  were  moderately  suppressed  and  the  weights  of  adrenal  glands  were 
moderately  increased. 

SELYE’S  concept  (1)  of  the  adaptation  diseases  holds  that  derailment 
of  adaptative  mechanisms  during  exposure  to  non-specific  forms  of 
stre.ss  is  the  principle  cause  of  many  of  the  diseases  of  man.  Emphasis  is 
placed  upon  the  importance  of  changes  in  the  secretory  activity  of  the  hy¬ 
pophysis  and  of  the  adrenal  cortex  in  causing  disease.  Most  of  the  evidence 
supporting  the  hypothe.sis  of  Selye  is  based  upon  the  use  of  experinienlal 
animals  which  have  been  sensitized  by  unilateral  nephrectomy  and  by  a 
high  dietary  load  of  sodium  chloride.  There  are  many  studies  showing 
that  the  overdosage  of  .sensitized  and  even  normal  animals  with  certain 
steroids  or  with  certain  hypophyseal  hormones  will  cau.se  metabolic  up.scts 
and  organic  changes  which  simulate  human  di.sea.ses  (1). 

.\lthough  the  literature  on  stress  has  become  enormous,  there  is  a  paucity 
of  evidence  that  exposure  of  normal  animals  to  naturally  occurring  forns 
of  stress  causes  disease.  Indeed,  there  are  only  a  few  studies  showing  th  it 
expo.sure  of  .sensitized  animals  to  .stress  under  highly  artificial  conditions 
cau.ses  pathologic  changes.  When  the  sensitized  rat  is  exposed  continuous  y 
to  cold  over  a  period  of  several  weeks,  severe  renal  and  some  myocardi  d 
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dai  iage  results  (2,  3,  4).  During  exposure  to  cold  the  animal  approximately 
doi  ')les  its  caloric  intake  to  meet  increased  neeeds  for  heat  energy.  It  is 
prc  tai)le  that  the  pathologic  changes  which  appear  in  the  sensitized  rat 
ex]  >sed  to  cold  are  dependent  in  part  upon  the  increase  in  dietary  load, 
es{  daily  of  sodium  chloride.  There  is  one  report  (5)  that  exposure  of  nor- 
m;.  rats  to  cold  for  10  to  18  months  caused  .some  changes  from  normal  in 
th(  hearts  and  kidneys  and  a  small  average  rise  in  blood  pressure.  Selye  (2) 
ha  noted  some  renal  pathology  in  sensitized  rats  given  injections  of  dilute 


Table  1 

.  Hion  SALT,  .MEDII 

M  CARBOHYDRATE  DIET 

Constituent 

drams 

Constituent 

drams 

Celiu  flour 

(50 

Mazola  oil 

100 

Salt  mixture  U.S.P.  XIV 

40 

Casein 

1(50 

Drii  d  yeast  (Pabst) 

100 

Starch 

300 

\Vli<  at  germ  oil 

10 

Dextrin 

150 

Co'i  liver  oil 

10 

Sucrose 

140 

Mazola  oil  plus  100  mg.  K 

10 

Sodium  chloride 

50 

formalin  and  in  similar  rats  forced  to  exercise,  hut  a  detailed  report  of  re¬ 
sults  was  not  published. 

In  the  pre.sent  study,  sensitized  rats  were  expo.sed  to  various  stressors 
(limb  ligation,  shock,  surgery,  hemorrhage,  burns,  fractures,  and  injections 
of  formalin)  for  a  period  of  8  weeks.  Pathologic  changes  in  the  heart  and 
kidney  were  noted  in  some  animals  and  in  a  few  the  l)lood  pressure  was 
elevated. 


METHODS 

Male  rats  of  the  Sprague-Dawley  strain  were  maintained  on  Archer  Dog  Pellets 
prior  to  unilateral  nephrectomy.  Thereafter,  the  animals  were  given  a  high  sodium 
chloride  diet  (Table  1).  The  dry  diet  was  tightly  packed  into  individual  Franke  animal 
feeding  jars  which  were  weighed  every  24  hours. 

Six  normal  rats  were  maintained  on  the  stock  diet.  Eight  groups  of  sensitized  (uni¬ 
lateral  nephrectomy,  high  salt  diet)  rats  containing  six  rats  per  group,  were  each  ex¬ 
posed  to  one  of  the  following  conditions  for  8  weeks: 

1.  Laparotomy  was  performed  under  ether  anesthesia  once  each  week  by  opening 
and  closing  the  abdominal  wall  from  the  diaphragm  to  the  level  of  the  bladder.  The 
incision  was  made  in  a  different  site  on  each  occasion. 

2.  Once  each  week,  a  strip  of  skin  approximately  15  mm.  wide  extending  from  the 
neck  to  the  base  of  the  tail  was  excised  from  the  back  under  ether  anesthesia,  .\fter  4 
operations,  the  closure  of  the  wound  at  each  subsequent  operation  left  the  remaining 
skill  very  tight  on  the  body  of  the  rat,  but  after  a  few  days  of  stretching  and  growth, 
the  skin  became  loose  again. 

‘5.  Hemorrhage  was  done  twice  weekly  by  placing  each  rat  in  an  activity-restriction 
cag  ",  amputating  the  tip  of  the  tail  and  immersing  it  in  a  heparin  solution  until  a  total 
of cc.  of  blood  was  removed.  The  loss  of  this  amount  of  blood  always  left  the  rat  pale 
an(!  weak,  but  no  deaths  occurred. 

4  A  burn  was  caused  once  each  week  by  immersing  the  body  of  the  anesthetized  rat 
in  \  ater  at  70°  C  for  4-6  seconds.  The  head,  feet  and  tail  were  not  burned.  The  time  of 
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exposure  for  eaeh  nit  was  determined  by  the  severity  of  the  burn  the  preceding  \\i  k. 
The  burns  were  not  deep  but  caused  marked  hyperemia  of  the  skin  and  some  sur:  tcc 
scaling  after  a  few  days.  Following  a  burn,  each  rat  became  hyper-irritable  and  foi.  .ht 
with  its  cage  mates,  although  it  still  permitted  handling  by  the  experimenter  wit!  lUt 
forcible  restraint. 

.5.  .\  bone  (tibia  or  femur  or  humerus  or  the  radius  and  ulna  together)  was  fracti  :e(l 
under  ether  anesthesia  once  each  week. 

6.  Ligation  of  one  hind  limb  was  done  under  ether  anesthesia  the  first  week,  tlip 
opposite  limb  the  second  week,  and  alternately  thereafter  for  8  weeks.  The  procedure 
has  been  described  (6).  The  ligatures  remained  in  place  for  2  hours  the  first  and  sec  md 
week,  2  hours  on  each  of  the  third  and  fourth  ligations  and  for  3  hours  during  eacli  of 
the  last  4  times. 

7.  -A  1%  solution  of  formaldehyde  was  injected  subcutaneously  twice  each  day,  ()..i 
cc.  per  injection. 

8.  Six  sensitized  rats  were  maintained  under  normal  conditions  for  8  weeks.  'I'hc 
blood  pressure  was  recorded  in  groups  3,  4,  6,  and  7  and  in  the  6  normal  rats  maintained 
on  the  stock  diet.  The  rats  were  anesthetized  with  ether  and  the  abdominal  aorta  was 
cannulated  below  the  level  of  the  renal  arteries.  The  cannula  was  attached  by  a  short 
length  of  fine-bore  rubber  tube  filled  with  heparinized  saline  to  a  mercury  manometer. 
'I'he  record  was  taken  when  anesthesia  was  light  as  judged  by  retraction  of  the  rat’s  hind 
foot  on  pinching. 

.All  rats  were  killed  by  exsanguination  under  ether  anesthesia.  .Autopsy  was  performed 
and  gross  pathologic  changes  noted.  The  heart,  kidney,  adrenal  glands,  and  thymus  were 
weighed.  The  heart,  kidney  and  portions  of  liver,  spleen,  pancreas,  lung,  stomach  and 
bowel  were  fixed  in  10%  neutral  formalin.  Hematoxylin  and  eosin  was  tbe  routine  stain 
and  selected  examples  of  heart  and  kidney  were  examined  by  the  periodic  acid-Schiff 
routine,  Mallory’s  method,  and  Weigert’s  resorcin-fuchsin  stain  for  elastic  tissue.  I'he 
adrenal  glands  were  fixed  in  1%  formol-calcium,  cold  10%  neutral  formalin  and  cold 
acetone.  Frozen  sections  of  gelatin  embedded  material  were  examined  with  oil  red  0  for 
lipids  (7),  the  Schultz  method  for  cholesterol  (8),  and  with  jiolarized  light  for  birefringent 
crystals.  .Acid  phosphatase  was  demonstrated  in  frozen  sections  by  the  method  of 
Gomori  (7)  and  acetone  processed  material  was  used  for  the  Gomori  alkaline  phosphatase 
procedure  (7). 

RESULTS 

The  data  are  .summarized  in  Table  2.  The  .stre.s.sed  animals  showed  a  re¬ 
duction  in  weight  gain  over  the  experimental  period,  hut  this  varied  con¬ 
siderably  from  one  group  to  another.  Their  average  daily  food  consump¬ 
tion  was  slightly  less  than  that  of  the  control  rats. 

Heart:  The  average  weight  of  the  heart  of  rats  expo.sed  to  .stre.ss  ranged 
both  abov  e  and  below  the  mean  for  the  control  animals  (Table  2).  No  gross 
abnormality  was  .seen  in  any  heart.  Micro.scopically  the  hearts  from  the 
control  rats  and  from  the  majority  of  the  stressed  groups  were  norn  al 
(Table  2).  Onlv*  in  some  animals  stre.s.sed  bv'  repeated  burns  or  laparotoi  \\ 
was  there  any  cardiac  abnormality.  This  consisted  of  .slight  hypertrop  ly 
of  the  cardiac  muscle  cells  with  an  increase  in  Anit.schkow  myocytes  situ¬ 
ated  mainly  around  blood  ves.sels.  In  a  few  instances  focal  aggregates  )f 
cells,  predominantly  myocytes,  were  present  in  the  myocardium  (Fig.  1 )  )r 
sub-endocardium.  The.se  nodules  did  not  show  the  classical  features  of  t  e 
Aschoff  node.  No  abnormality  was  detected  in  the  coronary  arteries  or  tin  ;r 
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Table  2.  Efkects  of  stressors  on  unilaterally  nephrectomized  adult  male 

RATS  EATING  4%  NaCl  MEDIUM  CARBOHYDRATE  DIET.  AVERAGES  AND  STANDARD 
ERRORS  FOR  6  RATS  PER  GROUP 


K  'crimcnt  - 

Body  weight, 
gni. 

Dal 

Organ  weights,  mg. 

Heart  ^hy-  1 

ney  inus  adrenal 

Mm. 

Hg. 

blood 

pres. 

(im. 

food 

daily 

Ratin(?s*  of  pathology,  average 
and  range 

Kidney  Heart 

Gross  Micro  Micro 

Co!  *rol 

302 

446 

13(K) 

2113 

561 

26.0 

124 

19.2 

0.5  ±0.13 

0.75±0..3.5 

0 

±14.7 

±63 

±94 

±.36 

±1.3 

±2.7 

(0-1.0) 

(0. 5-1.0) 

La  irotoiiiy 

.302 

.320 

1230 

1853 

378 

31.0 

17.6 

0.6  ±0.09 

2.2  ±0.58 

1.2±().26 

±  9.0 

±2.3 

±86 

±46 

±1.3 

(0-1.5) 

(0.5- 3.0) 

(0-2.0) 

Sk  Excision 

.302 

3.57 

1360 

1981 

.394 

29.5 

16.0 

0.58±0.07 

0.9  ±0.24 

0 

±  9.0 

±47 

±72 

±42 

±1.9 

(0. 5-1.0) 

(0. 5-2.0) 

He  .orrhanc 

,303 

400 

1280 

1715 

384 

29.0 

125 

18.3 

0.8  ±0.25 

1.5  ±0.34 

0 

±  9.0 

±,39 

±57 

±23 

±1.6 

±1.9 

(0. 5-1.0) 

(1. 0-3.0) 

Be  1 

.306 

374 

1425 

2020 

.3.3.3 

.32.7 

1.32 

19.0 

1.42±0.30 

2.0  ±0.62 

0.7±0.34 

±18.4 

±.59 

±104 

±40 

±1.7 

±6.1 

(0.5-2. 5) 

(0. 5-3.0) 

(0-2.0) 

Fr£.  ture 

302 

.372 

1180 

1898 

440 

32.6 

15.6 

0.5  ±0.1.3 

1.0  ±0..3.3 

0 

±  3.7 

±18 

±94 

±42 

±6.3 

(0-1.0) 

(0. 5-3.0) 

Liieb  LiKatiuii 

.303 

347 

1308 

i9a3 

360 

.35.3 

136 

17.6 

1.92±0.15 

1.25±0.25 

0 

±10 

±57 

±64 

±32 

±2.1 

±4.6 

(1.5-2. 5) 

(0. 5-2.0) 

Formaldehyde 

.305 

433 

1233 

1995 

368 

30.3 

118 

17.9 

1.0  ±0.26 

1.1  ±0.20 

0 

±11.1 

±31 

±.3.3 

±28 

±1.9 

±5.5 

(0. 5-2.0) 

(0. 5-2.0) 

*  The  ratings  of  gross  renal  pathology  are  based  on  the  following  scale:  0=no  abnormality;  1  *few  tiny  nodules; 
2  -luoderately  nodular  w*ith  some  mottling;  3  —niore  nodules,  mottling  with  some  gray  spots;  4  =rough,  mottled,  w'ith 
gru>  and  red  spots;  and  5— changes  listed  previously  more  severe,  giving  “flea-bitten”  grayish-yellow  appearance. 

The  ratings  of  the  micrc«copic  changes  are  based  upon  the  following  features.  KIDNEY:  0=no  abnormality:  1 
=liVp<‘rtrophy  of  glomeruli  and  tubules,  a  few  hyaline  casts,  and  slight  focal  interstitial  inflammation;  2  ^active  pelvic 
infliiiumation;  3  ^glomerular  lesions,  no  apparent  vascular  damage;  4  —  hyalinization  of  glomeruli,  sclerosis  of  arterioles; 
and  5  ^necroiis  of  glomeruli  and  arterioles.  HEART:  0  *no  abnormality;  1  ^hypertrophy  of  muscle;  2  *focal  inflam¬ 
mation  or  fibrosis  of  myocardium:  3  —changes  listed  previously,  sclerosis  of  vessel  walls;  and  4  ^necrosis  of  myocardium 
and  or  vessel  walls. 


branches.  Valvulitis  was  not  seen.  In  8  rats  foci  of  cartilagenous  metaplasia 
wore  present  in  the  aorta  at  the  origin  of  the  aortic  valve  (Fig.  2).  This 


ciiange  was  not  confined  to  rats  of 
any  one  group  and  has  been  seen  in 
non-stressed  rats. 

Kidney:  The  average  weight  of 
tlie  kidney  from  the  stressed  groups 
was  reduced  to  a  variable  degree  as 
compared  with  the  control  rats 
(Table  2).  Grossly  they  showed 
slight  nodularity  and  mottling  with 
some  gray  and  an  occasional  red 
spot  on  the  .surface.  Micro.scopically 
tlie  most  .severe  damage  was  seen 
ii‘  rats  submitted  to  repeated  lapa- 
r(4omy,  or  burning,  and  to  a  less 
extent  hemorrhage  (Table  2).  Slight 

Fig.  1.  Heart.  Limb  ligation.  \  small 
fi^'ious  nodule  containing  .Vnitschkow 
n  xocytes  is  seen  in  the  interstitial  tissue 
0  the  myocardium.  Hematoxylin  and 
e  sin.  X420. 


Fig.  3.  Kidney.  Burn.  The  tubular  epi-  Fig.  4.  Kidney.  Burn.  There  is  gh 
thelium  shows  vacuolation  and  hyaline  merular  hyalinization,  irregular  tubular  d 
droplet  ehange.  Ficro-Mallory.  X192.  latation,  and  hyaline  east  formation.  1 

and  E.  XI 25. 
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Fig.  2.  .\ortic  valve.  Limb  ligation.  .\n  islet  of  cartilage  encapsuled  by  fibrous 
tissue  is  present  at  the  base  of  the  valve.  H  and  E.  XoO. 


Iiypertropliy  of  glomeruli  and  tul)ulei=5  wa.s  present  in  .some  animals  of  all 
groups.  Commonly  this  was  associated  with  some  focal  dilatation  of 
tubules,  hyaline  east  formation,  and  with  infiltration  of  a  few  lymphocytes 
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Fig.  5.  Kidney.  Laparotomy.  Karly  .\drenal.  Control  rat.  Zona 

hyalinization  is  seen  at  the  vascular  pole  glomerulosa  is  narrow  and  contains  only 
of  the  Klonierulus  and  the  proximal  tubule  Pasciculata  and  reticularis 

is  filled  with  a  hyaline  ca.st.  Ihe  afferent  contain  abundant  lipid.  Frozen  section, 
arteriole  shows  no  arteriolosclerosis.  H  qh  (>  .„„i  mematoxylin.  X21(). 
and  E.  X2oo. 

ill  the  interstitial  ti.ssue.  In  a  few  ca.ses  tubular  damage  was  more  severe 
and  degenerative  changes  in  the  epithelium  were  noted  (Fig.  3).  Frank 
pelvic  inflammation  occurred  in  7  rats;  examples  were  .seen  in  .several  stress 
groups  but  were  ab.sent  from  the  control  rats.  Damage  to  the  glomerular 
tuft  was  noted  in  rats  stre.s.sed  by  repeated  fracture,  laparotomy,  hemor¬ 
rhage,  or  by  burning  (Table  2).  The  most  extensive  glomerular  lesions  oc¬ 
curred  in  a  rat  repeatedly  burned,  and  at  necropsy  a  blood  pressure  record 
of  lt)2  mm.  Hg  was  obtained  (Fig.  4).  Damaged  glomeruli  were  shrunken 
and  showed  partial  or  complete  adhesion  to  the  capsule.  In  some  the  .sub- 
capsular  space  was  enlarged  and  the  parietal  epithelium  heightened.  The 
normal  morphology  of  such  glomeruli  was  distorted  further  by  an  increa.se 
in  struct urele.ss  hyaline  material  within  the  tuft  leading  to  obliteration  of 
life  capillary  loops  (Fig.  o).  This  damage  was  not  as.sociated  with  any 
abnormality  of  the  renal  arteries  and  proliferative  arteriolo.sclerosis  was 
not  seen.  Hypertensive  vascular  disease  was  absent  from  the  other  organs 
pancreas,  etc.)  taken  for  examination. 

Adrenals:  Some  adrenal  hypertrophy  occurred  in  the  stressed  rats  (Table 
i).  The  adrenals  of  the  control  rats  showed  a  uniform  pattern  microscopi- 
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Fig.  7.  .\dronal.  Laparotomy.  Zona 
glomerulosa  is  wider  and  is  well  filled  with 
lipid.  The  cells  of  fascicnlata  are  larger 
and  the  lipid  droplets  finer  (cf.  Fig.  6). 
Frozen  section.  Oil  red  O  and  H.  X210. 


riG.  S.  .\drenal.  Burn,  .\lkahne  phos¬ 
phatase  activity  is  present  in  the  cells  and 
sinusoids  of  reticularis  and  adjacent  fas- 
eiculata  zones.  It  is  confined  to  the  sinus¬ 
oids  in  zona  glomerulosa  and  the  medulla. 
Frozen  section.  Gomori’s  alkaline  phos¬ 
phatase  method.  X50. 


cally.  Zona  glomerulosa  wa.s  narrow  and  compo.sed  of  .small  cells  with  a 
homogeneous  cytoplasm.  Lipid  depletion  was  virtually  complete  and  the 
tests  for  cholesterol  and  birefringence  were  negative.  Lipid  globules,  choles¬ 
terol  deposits  and  birefringence  were  most  intense  in  the  outer  two-thirds 
of  the  zona  fascicnlata  and  became  le.ss  marked  in  the  inner  aspects  of  the 
cortex  (Fig.  6), 

The  adrenal  glands  of  the  stres.sed  rats  presented  a  variable  picture.  The 
most  consistent  alteration  from  the  control  group  was  the  enlargement  of 
zona  fascicnlata  and  reticularis.  Fine  lipid  droplets  filled  the  cells  through¬ 
out  the  zones  and  in  some  cases  the  reactions  for  cholesterol  and  birefrin¬ 
gence  were  more  intense.  In  some  glands  the  appearance  of  the  glomerulos; 
zone  was  identical  with  that  .seen  in  the  control  rats,  while  in  others  tlu 
width  of  zona  glomerulosa  was  maintained  and  the  cells  contained  lipii’ 
deposits,  chole.sterol  and  birefringent  crystals  (Fig.  7). 

Some  variations  in  the  pattern  of  di.stribution  of  the  phosphatases  in 
the  adrenal  gland  were  noted.  Alkaline  phosphatase  activity,  as  demon¬ 
strated  by  the  method  employed,  was  observed  in  the  cells  and  sinusoids  of 
zona  fascicnlata  and  reticularis  of  all  rats,  including  controls.  Similar  locali- 
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zatioii  was  seen  in  zona  glomerulosa  of  the  adrenal  in  the  majority  of  our 
groups,  hut  in  a  few  stressed  animals  glomerulosal  activity  was  confined 
solely  to  the  sinusoids  (Fig.  8).  Similarly  an  alteration  in  the  pattern  of 
acid  phosphatase  activity  was  most  apparent  in  the  zona  glomerulosa  and 
consisted  of  a  variation  in  the  width  and  intensity  of  the  reaction  (Figs.  9 
and  10). 

A  clear  correlation  between  the  reactions  of  the  adrenal  gland,  especially 
zona  glomerulosa,  and  the  incidence  and  severity  of  renal  and  myocardial 
damage  could  not  he  demonstrated. 

Hlood-pressure :  Measurements  were  made  in  4  groups  of  stressed  rats  and 
in  (he  control  group  (Table  2)  and  were  found  to  he  significantly  elev  ated  in 
3  rats.  One  burned  rat  had  a  mean  pressure  of  162,  one  rat  subjected  to 
limb  ligation  had  a  mean  pressure  of  149,  and  a  second  rat  subjected  to  limb 
lip  ttion  had  a  mean  pres.sure  of  148  mm.  Hg. 


DISCUSSION 


U  least  some  of  the  stressors  used  in  these  experiments  caused  a  greater 
ai  lount  of  pathology  in  the  kidney  of  some  sensitized  rats  than  occurred  in 
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Fig.  9.  .XdriMiiil.  Formalin  injection. 
.\ei(l  ])hosphatase  activity  is  most  intense 
in  zona  glomerulosa  and  reticularis  and  in 
some  of  the  medullary  cells.  Frozen  sec¬ 
tion.  Gomori’s  acid  phosjihatase  method. 
XoO. 


Fig.  10.  .Vdrenal.  Formalin  injection. 
The  pattern  of  acid  phosphatase  activity 
differs  from  Fig.  9  in  that  the  zone  of  reac¬ 
tion  in  glomerulosa  is  narrowed.  Frozen 
section.  Gomori’s  acid  phosphatase 
method.  XnO. 
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the  control  sensitized  rats.  The  correlation  between  the  ratings  of  gi  iss 
renal  damage  and  ratings  of  microscopic  damage  to  the  kidney  was  p(  )r. 
In  this  and  in  earlier  experiments  it  was  found  repeatedl}'  that  signific;  iit 
amounts  of  microscopic  damage  can  occur  in  the  blood  vessels,  glomenili 
and  tubules  without  visible  signs  of  damage  on  the  surface  of  the  kidney. 
However,  roughness,  pitting,  mottling  and  the  presence  of  red  spots  on  he 
surface  of  the  kidney  are  always  accompanied  by  significant  microsconic 
changes. 

The  average  amount  of  damage  and  the  upper  range  of  damage  was  less 
in  the  present  experiments  than  previously  seen  in  .sensitized  rats  expo-ed 
to  cold  (3,  4).  The  accompanying  increase  in  food  intake  was  an  important 
factor  determining  the  extent  of  damage  in  the  cold-exposed  rats.  In  the 
pre.sent  experiments  the  intake  of  the  high  salt  diet  was  not  increased  above 
control  values  in  the  animals  exposed  to  stress. 

A  careful  search  was  made  for  gro.ss  and  microscopic  signs  of  other 
“di.^eases  of  adaptation.”  None  were  found.  The  stomach  was  free  from 
ulcers,  there  were  no  swollen  joints,  rheumatic  carditis,  diabetes,  tumors  or 
any  other  pathologic  changes  out. side  the  heart  and  remaining  kidney. 

These  experiments  yield  no  information  on  the  role  of  the  adrenal  glands 
in  the  etiology  of  the  damage.  The  average  increase  in  adrenal  weight  was 
small  in  each  experimental  group.  There  was  no  clear  correlation  between 
an  alteration  in  the  histochemical  pattern  of  the  adrenal  and  the  severity 
of  renal  and  myocardial  damage.  The  average  weight  of  thymus  was  only 
moderately  suppressed  in  the  stres.sed  animals.  We  are  not  aware  of  any 
data  in  the  literature  which  have  a  direct  bearing  on  the  role  of  the  adrenal 
glands  in  causing  the  pathology  associated  with  exposure  to  non-specific 
stressors.  It  should  be  possible  to  compare  stres.sed  and  non-.stressed  .sensi¬ 
tized,  adrenalectomized  animals  treated  with  a  constant  intake  of  adrenal 
cortical  extract  in  order  to  test  the  hypothe.sis  that  a  change  in  the  secre¬ 
tory  activity’  of  the  adrenal  glands  is  the  primary  cau.se  of  the  damage. 

Some  pathology  occurs  in  the  kidneys  of  some  .sensitized  rats  under  non- 
stress  conditions.  The  average  amount  of  damage  is  increased  in  animals 
exposed  to  some  stressors.  The  changes  are  much  less  impressive  than  can 
be  caused  by  overdosing  the  sensitized  rat  with  certain  steroids  or  by  expo¬ 
sure  to  cold.  The  ba.sic  conditions  of  the.se  experiments  (unilateral  nephn  e- 
tomy  and  a  high  load  of  sodium  chloride)  do  not  occur  naturally.  The  sti'  s- 
sors  u.sed  were  as  severe  as  could  be  tolerated  without  causing  death  and 
they  were  imposed  on  the  animal  repeatedly.  Whether  or  not  these  ob.ser\  i- 
tions  are  interpreted  to  support  or  weaken  the  concept  of  Selye  is  a  sul)j(  •- 
tive  matter.  The  pre.sent  authors  will  maintain  a  cautious  interest  in  t  le 
proposition  that  non-specific  stress  can  cau.se  di.sea.ses  by  derailment  )f 
these  adaptive  processes  which  are  controlled  by’  the  adrenal  cortex.  1  i- 
formation  is  needed  on  the  con.sequences  of  exposing  normal  animals  o 
naturally’  occurring  stressors  and  then  sampling  the  changes  which  occ  r 
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thn  ighout  the  entire  life  span.  Such  studies  should  yield  information  on 
the  ffect  of  amounts  and  kinds  of  stress  upon  longevity  and  the  occurrence 
of  c  'eases  associated  with  ageing. 
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EFFECT  OF  GROWTH  HORMONE  AND  THYROXINE  <)X  1 
BODY  WEIGHT  OF  HYPOPHYSECTOMIZED 
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ABSTRACT 

Bovine  growth  hormone  was  administered  to  hypophyseetomized  female 
C'3H  mice  at  increasing  dose  levels  to  maintain  continuous  growth.  Within  a 
jreriod  of  25  weeks  the  initial  weight  of  the  animals  had  doubled.  Plateauing  wa> 
observed  at  all  dose  levels,  but  it  was  found  that  gains  could  always  be  reiniti¬ 
ated  by  increasing  the  dose  level.  It  was  also  demonstrated  that  although 
thyroxine  was  ineffective  as  an  independent  growth  factor,  when  administered 
at  a  daily  dose  level  of  0.0003  mg.  together  with  growth  hormone  for  longer 
than  H  weeks,  it  did  act  as  a  synergist  with  the  latter  in  effecting  body  weight 
increases.  When  thyroxine  in  increasing  dose  levels  was  administered  together 
with  growth  hormone,  toxic  effects  were  observed.  0.003  mg.  of  thyroxine  i)lus 
growth  hormone  produced  enlarged  adrenal  glands  in  all  the  mice  so  treated; 
from  histological  sections  of  the  gland  it  was  apparent  that  the  enlargement 
could  be  attributed  primarily  to  the  extensive  dev»*lopment  of  one  region  of  the 
adrenal  cortex,  the  juxtamedullary  zone. 

Extensive  investigations  in  the  rat  have  established  that  growth 
hormone  from  beef  pituitary  glands  stimulates  growth  of  the  skeleton 
as  well  as  increases  in  the  body  weight  in  that  animal  (1).  Recently,  it  has 
been  shown  that  the  bovine  hormone  is  also  effective  in  stimulating  skeletal 
growth  in  the  hypophyseetomized  female  mou.se  as  measured  by  the  quanti¬ 
tative  response  in  the  epiphyseal  cartilage  plate  of  the  tibia  when  daily 
doses  of  growth  hormone  of  from  1  to  20  pg.  are  administered  over  a 
period  of  17  days  (2).  It  was  likewi.se  demonstrated  that  when  the  growth 
hormone  was  injected  for  a  period  of  only  4  days,  as  is  routinely  done  in  the 
rat  a.ssay,  the  mouse  exhibits  only  a  limited  response;  however,  if  thyroxine 
is  injected  along  with  the  growth  hormone,  the  sensitivity  of  the  mou.'^v  to 
exogenous  growth  hormone  can  be  increased  approximately  five-fold.  A  an 
extension  of  these  studies,  hypophy.sectomized  female  mice  have  been  in¬ 
jected  with  growth  hormone,  thyroxine,  or  a  combination  of  the  two  I  or- 
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m(  lex  for  a  period  of  25  weeks  in  order  to  aseertain  the  effect  of  the  treat- 
mi  it  on  somatic  growth  as  reflected  in  increases  in  body  weight.  The  growth 
ni  .es  along  with  other  pertinent  data  are  presented  herein. 

METHODS 

•male  mice  of  the  C3H  strain  were  hypophyseetoinized  at  35  days  of  age  aeeording 
to  iie  teehnic  described  in  an  earlier  publication  (3).  .Vfter  the  operation,  1  mg.  of 
am  omyein  plus  500  units  of  peneillin  in  1  ml.  of  5%  glucose  solution  were  given  intra- 
pci  loneally.  .\  similar  injection  was  administered  on  the  following  day  along  with  a 
sul  utaneous  injection  of  0.25  mg.  of  hydrocortisone.  Throughout  the  study,  the  ani- 
nia  -  were  fed  a  modified  McCollum’s  Diet  I,  ad  libitum  (4). 

vdministration  of  the  hormone  solution  in  single  daily  subcutaneous  injections  was 
initiated  12  days  after  hypophysectomy  when  the  weights  of  the  animals  had  fallen 
to  constant  post-operative  level.  In  most  instances  the  studies  extended  over  a  period 
of  ■- ")  weeks;  in  the  case  of  the  thyroxine-treated  groups,  injections  were  discontinued  at 
the  cud  of  10  weeks,  because  a  number  of  the  hyj)ophyseetomized  mice  in  these  groups 
had  died  during  the  previous  week  and  the  survivors  were  in  a  poor  condition.  .Ml  ani¬ 
mals  were  weighed  every  7  days.  .Vt  autopsy,  the  ovaries,  uterus,  adrenals,  thymus  and 
spleen  were  weighed  on  a  Roller-Smith  torsion  balance;  the  adrenal  glands  were  fixed  in 
10‘  (  neutral  formol  and,  subsequently,  frozen  sections  10  n  in  thickness  were  prepared 
and  stained  with  oil  red  O  or  with  Sudan  black  B.  .\t  this  time  the  hypophyseal  fossa 
was  inspected  with  a  binocular  microscope,  12X,  in  order  to  establish  that  no  pituitary 
remnants  were  visible  in  any  of  the  operated  mice. 

rhe  growth  hormone  used  in  this  study  was  prepareil  from  bovine  pituitaries  accord¬ 
ing  to  the  procedure  previously  described  (5).  The  UL-thyroxine  was  a  Squibb  jrroduct. 

RESULTS 

’Fhe  growth  curves  ol)taine(l  in  the  hypopiiysectomized  mice  with  growth 
hormone  alone,  thyroxine  alone,  and  the  combination,  are  depicited  in 
Figures  1  and  2.  These  groups  eacli  comprised  a  minimum  of  five  animals; 
the  following  re.sults  were  obtained: 

I.  H ypophysectomized  controls.  Following  hypophysectomy,  these  mice 
lost  4  gm*.  and  then  maintained  a  constant  body  weight  of  approximately 
15  gm.  with  only  minor  fluctuations  throughout  the  ensuing  25-week 
period. 

II.  Growth  hormone  in  increasing  doses.  Daily  doses  of  from  5  to  500  pg. 
were  administered  during  the  cour.se  of  the  study.  The  hormone  was  given 
at  an  initial  dose  level  of  5  pg.  and  in  order  that  a  steadily-rising  growth 
curve  could  be  maintained,  the  dosage  was  increased  whenever  the  animals 
showed  a  gain  of  less  than  1  gm.  in  a  7-day  injection  period.  As  shown  in 
Table  1,  the  weights  of  the  adrenals,  ovaries,  uterus,  thymus  and  spleen 
were  heavier  than  those  of  the  non-treated  control  group;  if  the  organ 
weights  are  expressed  as  functions  of  the  body  weight,  there  is  no  difference 
l)et  ween  the  two  groups. 

II.  Growth  hormone  in  a  high  dose.  Those  mice  receiving  a  daily  dose 
of  ff.5  mg.  of  growth  hormone  for  6  weeks  doubled  their  initial  weight  with¬ 
in  3  weeks  and  thereafter  maintained  it  at  a  constant  level  of  27  gm.,  a 
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weight  comparable  to  that  of  the  group  given  increasing  dose  level-  of 
growth  hormone  over  a  period  of  20  weeks.  After  these  animals  had  it- 
tained  a  maximal  weight,  as  indicated  by  no  further  increases  for  a  per  od 
of  3  weeks,  they  were  apportioned  into  two  groups.  Six  mice  received  p  o- 
portional  levels  of  the  original  dose  of  growth  hormone  in  order  to  ascert  lin 
the  minimal  level  of  hormone  required  to  maintain  their  body  weight;  the 
remaining  four  mice  were  given  no  additional  injections.  Whereas  a  diiily 


Fig.  1.  Average  body  weight  curves  of  female  mice  over  a  period  of  25  weeks.  All 
animals  were  hypophyseetomized  at  35  days  of  age  and  injections  were  begun  12  d.iys 
later.  Group  1;  Hypophysectomizeil  control.  Group  II:  Growth  hormone  in  increasing 
doses.  Group  111:  Growth  hormone  in  a  high  dose  (500 /xg.)  for  10  weeks  followed  by  de¬ 
creased  dosages  for  maintaining  the  body  weight. 

dose  of  as  low  as  25  jug.  was  inadequate,  50  ng.,  or  one-tenth  of  the  original 
dose,  was  found  to  be  sufficient  to  maintain  the  body  weight  during  the 
en.suing  14  weeks.  Withdrawal  of  the  hormone  led  to  an  immediate  lo.s.-  of 
weight. 

IV.  Thyroxine  in  a  constant  dose.  DL-thyroxine  given  at  a  dose  level  of  l  .3 
Mg.  was  quite  ineffective  in  promoting  a  sustained  increase  in  body  weigi  t. 

W  Thyroxine  in  increasing  doses.  The  initial  daily  dose  of  thyroxine  ((  3 
Mg)  was  increased  in  proportion  to  the  levels  of  growth  hormone  that  w(  e 
administered  to  Group  III.  The  results  were  similar  to  those  obtained  wi  h 
a  constant  daily  dose  of  0.3  Mg  of  thyroxine. 


Ai'  Lloas  BODY  GROWTH  IN  HYPX.  MICE  487 

I.  Growth  hormone  in  increasing  doses  plus  a  constant  daily  dose  of  0.3 
)/  thyroxine.  Greater  body  weight  gains  were  obtained  with  the  combi- 
na  ion  of  the  two  hormones  tlian  with  growth  hormone  alone  after  the  first 
8  eeks  of  treatment,  so  that  by  the  time  of  autopsy  the  former  group 
\v(  ghed  33.0  gm.  and  the  latter  group,  26.7  gm.  During  the  earlier  period, 
til  ir  growth  curves  were  parallel.  Whereas  the  weights  of  the  adrenals, 
o\  lies  and  uterus  of  the  group  given  the  combination  were  comparable  to 


Time  in  Weeks 


I 


Fig.  2.  Average  l)ody  weight  curves  of  female  mice  over  a  period  of  25  weeks.  Injecti'd 
animals  were  hypophyseetomized  at  35  days  of  age  and  injections  were  begun  12  days 
later.  Group  IV:  Thyroxine  in  a  constant  dose  (0.3 /xg.).  Group  V:  Thyroxine  in  increas¬ 
ing  do.ses.  Group  VI :  Growth  hormone  in  increasing  doses  plus  thyroxine  in  a  constant 
dose  (0.3  mk  )-  Group  VI 1:  Growth  hormone  jilus  thyroxine,  both  in  increasing  doses. 
Gioup  VIII:  Intact  control. 

tho.se  of  the  growth  hormone-treated  group,  the  weights  of  the  thymus  and 
spleen  were  considerably  greater  (Table  1). 

\TI.  Growth  hormone  plus  thyroxine,  both  in  increasing  doses.  The  daily 
dose  levels  of  the  two  hormones  given  to  this  group  correspond  to  the  doses 
administered  separately  to  Groups  III  and  V.  After  the  8th  week,  it  was 
apparent  that  the  general  health  of  the  animals  was  deteriorating  progres- 
si  ely  even  though  they  continued  to  register  weight  gains;  they  were  irri- 
ti  ble,  their  coats  became  rough  and  their  respiration  was  rapid.  Dosages 
O'  thyroxine  greater  than  3  pg  were  not  admini.stered  inasmuch  as  it  .seemed 
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unlikely  that  any  of  the  hypophysectomized  animals  eouhl  tolerate  hig!  er 
levels  of  the  hormone. 

At  autopsy  it  was  found  that  the.se  these  animals  had  enlarged  adreiuns; 
the  weight.s  of  the  glands  actually  exceeded  tho.se  of  non-hypophysec  o- 
mized  control  mice.  Much  of  the  observed  increase  in  weight  can  be  attr  1)- 
uted  to  the  proliferation  of  cells  in  the  juxtamedullary  region  of  the  gland 


Tabi.e  I.  ()r(;ax  wemjhts  ok  hykoi’hysectomized*  kemai.e  (’:IH  mice  injected  with 
<;r<)wth  hormone,  thyroxine,  or  a  combination  ok  the  two  hormones  kor 
A  PERIOD  OK  2.5  WEEKS 


Treatment 

No.  of 

Daily  dow  Ani¬ 

mals 

Body  weight, 
(tm. 

Oriran  weiKhts,  niK- 

Onset 

Au¬ 

topsy 

.Adrenal 

Ovary 

I'terus 

Thymus 

Spleen 

Hypophysoctom- 
ttea  control 
(Group  I) 

MK 

0  5 

12.0 

13.0 

1.46±0.1t 

(1.12)t 

0.6310.3 

(0.48) 

4.11  0.4 
(3.2) 

9.211.0 

(7.1) 

47  .3 
(36 1 

(irowth  hormone 
(Oroiip  11) 

fner.  6 

12.0 

26.5 

2.63±0.2 

(0.98) 

1.. 3710.1 
(0.51) 

7.31  0.6 
(2.7) 

17.811.4 

(6.6) 

167  +  !l 
(63) 

(irowth  hormone 
((iroiip  III) 

.'ilKI  X6  wks.,  4 

0X19  wke. 

12.5 

18.5 

1.62±0.1 

(0.88) 

0.8010.1 

(0.43) 

4.71  0.3 
(2.6) 

4.610.6 

(2.5) 

6111 

(33) 

(irowth  hormone 
((iroup  III) 

.■iOO  X6  wks..  6 

50X19  wks. 

12.5 

27.5 

2.2210.2 

(0.81) 

1.2310.1 

(0.45) 

6.51  0.6 
(2.4) 

19.411.3 

(7.1) 

142 1 1 
(52) 

Thyroxine 
(Group  IV) 

0.3X10  wks.  6 

13.0 

15.5 

1. 3410.1 
(0.86) 

0.6210.1 

(0.40) 

5.11  0.5 
(3.3) 

19.411.6 

(12.5) 

571 1 
(37) 

I'hyroxine 
((iroup  V) 

Incr.  XlOwks.  2 

13.5 

14.0 

1.28 

(0.91) 

29.8 

(21.3) 

76 

(54) 

Growth  hormone 
-f- 

Thyroxine 
(Group  V’l) 

Iner, 

+  5 

0..3 

12.0 

.33.0 

2.5910.2 

(0.78) 

1.1210.1 

(0.341 

8.7610.2 

(2.7) 

30.01 1 .4 
(9.1) 

302  1  8 
(92) 

Growth  hormone 
+ 

Thyroxine 
((iroup  VII) 

Incr. 

+  6 
Incr.  X20  wks. 

12.5 

.33.0 

7.9  10.9 
(2.39) 

0.9010.1 

(0.27) 

10.21  1.1 
(3.1) 

48.414.3 

(14.7) 

.303  1  22 
(92) 

Normal  control 
(Group  Vfll) 

0  5 

18.0 

:«.5 

4.9610.1 

(1.47) 

14.8111.3 

(4.41) 

91.4111.9 

(27.2) 

24.812.4 

(7.3) 

144  1  16 
(4.3) 

*  All  animals  tiypopliys«-toiiii*iKl  at  .‘15  days  of  aco.  Sinidp  daily  subrutaneoiis  injections  begun  at  47  days  of  age. 
t  Mean  ±  stantlard  error 

j  Values  in  parentheses  represent  organ  weight  in  ing.,/10  gin.  body  weight. 


(Fig.  3).  In  the  mouse,  a  non-sudanophilic  juxtamedullary  zone  is  charac¬ 
teristic  of  the  adrenal  of  the  virgin  female;  this  region  was  atrophic  in  tlie 
hypophy.sectomized  control  animals  and  was  di.scernible  but  not  conspicu¬ 
ous  in  the  animals  that  had  receiv'ed  growth  hormone  or  growth  hormone 
plus  0.3  jug.  of  thyroxine  (Figs.  4  and  5).  In  frozen  sections  of  the  adreird 
it  was  apparent  that  the  cells  of  the  enlarged  zone  contained  varying,  l)iit 
on  the  whole  substantial,  amounts  of  cytoplasm,  as  well  as  sudanophihc 
droplets  that  stained  with  oil  red  O  and  with  Sudan  black  B.  At  the  san  e 
time,  there  was  no  suggestion  that  these  adrenals  were  producing  sex  ho  - 
mones  at  a  level  sufficient  to  .stimulate  increases  in  the  weights  of  tl  o 
uteri. 


VIII.  Intact  controls.  Over  the  period  of  25  weeks,  the  body  weight  « 
these  animals  increa.sed  from  13  gm.  to  32.5  gm.  and  small  weight  gaii  ' 
were  .still  registered  up  to  the  time  of  autopsy  at  220  days  of  age. 
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r  !GS.  3-5.  Frozen  sections,  10  /i  in  tliiekness,  of  adrenal  glands  of  female  C3H  mice 
hy;  iphysectomized  at  35  days  of  age.  Sudan  black  B  stain  X37. 


Fig.  4.  Adrenal  of  control,  25  weeks 
after  hypopliysectomy. 


Fig.  3.  .Adrenal  of  mouse  injected  witli 
increasing  dosages  of  both  growth  hor¬ 
mone  and  thyroxine  for  a  jieriod  of  20 
weeks.  X’ote  the  extensive  development  of 
the  juxtamedullary  region  along  with  the 
appearance  of  sudanophilic  material  in 
this  area.  - 


Fig.  5.  .\drenal  of  mouse  injected  with 
incivasing  dosages  of  growth  hormone  plus 
0.3  jug.  of  DL-thjToxine  for  a  period  of  25 
\ve(  ks.  The  cells  of  the  cortex  exhibit  less 
atrophy  than  do  those  of  the  control  and  a 
noi.-sudanophilic  juxtamedullary  zone  is 
dis(  ernible. 


DISCUSSION 

ilj'pophysectomized  female  mice  regi.ster  body  weight  increa.ses  with 
(is  ly  do.se.s  of  growth  hormone  a.s  low  a.s  5  /xg-  in  short-term  .studies;  how- 
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ever,  if  growth  is  to  be  maintained  the  dosage  must  be  increased  whenc  er 
the  animals  attain  a  new  plateau  or  leveling  off  of  the  weight  gain.  1  his 
failure  to  exhibit  continued  growth,  referred  to  hereafter  as  plateau  ng, 
was  observed  whether  the  initial  dose  was  large  or  whether  a  small  ini  ial 
dose  was  increased  intermittently  over  an  extended  period  of  time  A 
similar  trend  has  been  reported  in  the  rat,  although  continuous  growth  =ias 
been  obtained  in  hypophysectomized  females  of  the  Long-Evans  strain 
for  a  period  of  as  long  as  437  days  with  daily  dosages  of  purified  growth 
hormone  of  from  0.1  to  0.4  mg.  (7).  In  the  mouse,  on  the  other  hand,  an 
even  higher  do.se  level,  0.5  mg.,  was  effective  in  promoting  an  increase  in 
body  weight  for  a  period  of  6  weeks  only.  Attempts  to  overcome  growth 
stasis  in  the  rat  by  administering  extracts  of  rat  pituitary  (8)  rather  than 
extracts  from  other  species,  or  by  injecting  adrenal  corticoids  in  conjunc¬ 
tion  w'ith  bovine  growth  hormone  (9)  have  been  unsucces.sful. 

An  extension  of  the  studies  in  the  plateaued  mice  that  had  been  injected 
with  500  Mg-  of  growth  hormone  for  a  period  of  9  weeks  revealed  that  a  do.se 
of  50  Mg->  or  one-tenth  that  required  to  effect  the  increase  in  the  body 
weight,  could  maintain  that  body  weight  (Fig.  1).  Furthermore,  the  con¬ 
tinued  administration  of  a  relatively  low  dose  of  growth  hormone  obviated 
any  loss  in  body’  weight  for  many'  weeks  whereas  complete  withdrawal 
resulted  in  an  abrupt  loss  amounting  to  several  grams  followed  by’  a  gradual 
decline.  It  may’  be  that  a  similar  .situation  obtains  in  the  adult  animal;  were 
this  the  case,  comparatively’  large  variations  in  the  concentration  of  growth 
hormone  available  to  the  ti.ssues  could  be  tolerated  without  creating  an 
imbalance  in  the  physiological  system.  At  the  same  time,  a  low’  level  of  Ihe 
hormone  could  maintain  the  “status  quo”  of  the  sy’stem. 

A  .second  hormone  that  influences  the  growth  rate  of  mice  is  thyroxine. 
Normal  animals  treated  wdth  thyroxine  grow  at  a  more  rapid  rate  than  do 
untreated  controls  and  attain  a  maximal  weight  w’ithin  a  shorter  period  of 
time;  however,  the  final  weight  of  the  treated  group  does  not  exceed  tliat 
of  the  control  (10,  11).  Subsequent  studies  in  hypophysectomized  rats  have 
demonstrated  that  thyroxine  can  effect  .slight  weight  gains  for  a  period  of 
approximately  40  days  if  the  animals  are  allow’ed  free  access  to  food  but  no 
gains  if  their  food  intake  is  restricted  to  that  of  the  controls  (12).  A  .similar 
response  was  evident  in  the  hypophysectomized  mou.se.  But,  whertas 
thy  roxine  is  quite  unimpressive  as  an  independent  growth  factor,  its  eff<  c- 
tivene.ss  as  a  sy’nergistic  agent  with  pituitiary’  growth  hormone  is  readdy 
demonstrable  with  respect  to  skeletal  and  body"  growth  (2).  The  dose  le'  el 
of  thyroxine  does  not  appear  to  be  a  crucial  factor  .so  long  as  it  is  adequa  e 
but  not  toxic. 

The  adrenals,  ovaries  and  uteri  of  the  hypophy  sectomized  mice  treati  1 
with  growth  hormone  were  somewhat  le.ss  atrophied  than  those  of  the  co  - 
trols;  if  the  weights  of  the.se  organs  are  expressed  in  terms  of  the  boi  v 
weight,  the  values  for  the  two  groups  are  comparable  (Table  1).  Simil  r 
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re'  Its  with  respect  to  the  ovariets  and  uteri  were  obtained  in  the  groups 
tn  ted  with  growth  hormone  and  thyroxine.  On  the  other  hand,  the  com- 
l)ii  ition  of  the  two  liormones  effected  considerablj’  greater  increases  in  the 
spl  iiic  weights.  As  in  the  present  study,  enlargement  of  the  spleen  has 
hc<  1  obtained  in  the  rat  following  the  administration  of  growth  hormone 
(4  further  studies  are  needed  in  order  to  determine  if,  in  animals  other 
tlv  n  the  female  C3H  mou.se,  thyroxine  given  along  with  growth  hormone  is 
m<  e  effective  in  stimulating  .splenic  development  than  is  growth  hormone 
al(  le,  and  to  ascertain  the  functional  or  biological  significance  of  the  en¬ 
largement  of  this  organ  under  these  conditions. 

he  adrenals  of  the  hypophy.sectomized  mice  treated  with  increasing 
do  0  levels  of  both  growth  hormone  and  thyroxine  were  larger  than  those  of 
an.  other  group,  including  the  normal  control  (Table  1).  Although  it  is 
ap.'arent  from  these  re.sults  that  the  extensive  development  and  disorgan¬ 
ize  1  expansion  of  the  u.sually  non-.sudanophilic  juxtamedullary  region  was 
confined  to  the  group  injected  with  increasing  levels  of  both  growth  hor- 
mo.ie  and  thyroxine,  the  significance  of  this  development  remains  to  be 
clarified.  In  the  rat,  the  administration  of  growth  hormone  to  either  the 
intact  or  the  hypophysectomized  animal  results  in  hypertrophy  of  the 
adrenal  medulla  (13),  and  in  the  intact  animal  the  treatment  may  even¬ 
tually  give  ri.se  to  a  medullary  tumor  (14).  Recently,  it  has  been  reported 
that  the  administration  of  5  pig  or  250  pig.  of  thyroxine  plus  growth  hormone 
to  intact  female  rats  of  the  Sprague-Dawley  strain  cau.ses  considerable  en¬ 
largement  of  the  adrenal  gland  (15).  The  increa.se  was  due  almost  entirely 
to  liypertrophy  of  the  cortex,  and  no  striking  qualitative  changes  in  the 
structure  of  the  gland  were  ob.served.  Whether  or  not  the  abov'e-mentioned 
observations  on  the  rat  adrenal  are  in  any  way  related  to  the  unusual  de¬ 
velopment  of  a  peculiar  zone  in  hypophysectomized  mice  treated  with 
growth  hormone  plus  toxic  levels  of  thyroxine  in  the  ab.sence  of  their  own 
pituitaries  remains  to  be  determined. 
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m:)MPARISOX  of  the  effects  of  cortisone  and 

CERTAIN  ANABOLIC-ANDROGENIC  STEROIDS 
ON  THE  UPTAKE  OF  RADIOSULFUR  IN  A 
HEALINC;  FRACTURED  BONE 

K.  KOWALEWSKI 

McKnchern  Cancer  Research  iMboralory  and  Department  of  Surgery, 
t’niversity  of  Alberta.  Edmonton.  Canada 

ARS'PRACr 

The  uptake  of  in  the  fractured  and  intact  humerus  of  male  rats  was  de¬ 
termined  and  the  ratio  F  I  of  radioactivity  of  fractured  (F)  to  intact  (I)  bone 
was  calculated. 

The  effect  of  cortisone.  17-ethyl-19-nortestosterone  anil  testosterone  pro¬ 
pionate  on  the  F  I  ratio  was  studied.  C'ortisone  resulted  in  a  significant  decrease 
of  F  I  ratio  as  compared  with  normal  control.  .Vnabolic  androgen  17-ethyl-19- 
nortestosterone  exhibited  a  significant  rise  of  S’®  uptake  in  fractured  bones 
and  consequently  high  F  I  ratios.  Combined  therapy  with  cortisone  and  17- 
ethyl-19-nortestosterone  offset  the  effect  of  cortisone  on  S’®  uptake.  Testoster¬ 
one  propionate  had  no  significant  effect. 

It  is  apparent  from  this  study  that  cortisone  inhibits  and  17-ethyl- 19- 
norti'stosterone  promotes  those  processes  of  repair  which  may  be  measured  by 
S’®  uptake  method,  and  that  1 7-ethyl- 19-nortestosterone  may  jirotcct  connec¬ 
tive  tissue  against  the  catabolic  effect  of  cortisone. 

IT  HAS  been  demon.st rated  that  cortisone  exerts  an  inhibitory  effect 
on  the  chemical  and  cellular  proce.sses  as.sociated  with  inflammation  and 
repair  (1).  It  is  believed  that  this  catabolic  steroid  may  interfere  with  the 
elaboration  or  activation  of  mucopoly.saccharides  (2).  Cortisone  blocks 
the  synthesis  of  chondroitin  sulfate  in  embryonic  and  normal  ti.s.sue,  and 
arrests  the  growth  of  cartilage  in  embryo  femur  anlages  (3,  4).  This  in¬ 
hibitory  effect  of  cortisone  concerns  both  cellular  elements  of  me.senchymal 
tis.sue  and  the  ground  substance. 

It  is  apparent  that  the  alterations  of  collagen  fibrillogenesis  provoked  by 
cortisone  and  any  other  catabolic  or  anabolic  hormone  may  be  well  studied 
by  the  radio.sulfur  uptake  method  (5).  This  method  gives  information  re¬ 
garding  the  location  of  the  tissue  sulfate.  The  selective  deposition  of  radio- 
sulfur  in  the  cartilage,  bones  and  healing  wounds  is  now  explained  by  the 
utilization  of  .sulfate  ions  in  the  .synthesis  of  chondroitin  .sulfate  present  in 
the  connective  tissue  ground  suKstance  and  in  the  collagen  (6).  Radio¬ 
sulfur  may  be  utilized  for  the  study  of  the  various  stages  of  formation  of 
C'iilagen  tissue  during  the  proce.ss  of  healing  and  particularly  for  the  .study 
0  normal  and  pathologic  metabolism  of  cartilage  and  bone. 

Heveiveil  October  .5,  19.')7. 
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In  a  previous  report,  a  method  for  the  study  of  the  uptake  of  radi  >- 
sulfur  in  the  bones  of  rats  was  proposed  (7).  We  were  able  to  demonstra  e 
that  the  factored  humerus  showed  an  increased  uptake  of  S’*  as  coi  i- 
pared  with  the  uptake  of  the  intact  humerus  of  the  same  animal.  T1  is 
technique  was  used  for  the  investigation  of  the  anabolic  effect  of  certain 
androgenic  steroids  (5,  8).  It  was  shown  that  a  synthetic  anabolic  steroid 
17-ethyl-19-nortestosterone  (9)  when  given  to  normal  or  castrated  n  ts 
during  the  period  of  healing  of  fractures  significantly  stimulated  the 
uptake  in  fractured  bones.  It  was  interpreted  that  17-ethyl-19-nortest(>s- 
terone  had  marked  effects  on  the  synthesis  of  chondroitin  .sulfate  in  tiie 
collagen  tissue.  Testo.sterone  propionate  did  not  show  such  an  activity 
under  .similar  experimental  conditions  (8). 

It  is  apparent  from  the  above  data  that  cortisone  and  17-ethyl-19-nor- 
testosterone  have  an  opposite  influence  on  tho.se  repair  proce.s.ses  which 
may  be  studied  by  the  S’*  uptake  method.  The  purpose  of  the  present  ex¬ 
periment  was  to  compare  the  effects  of  cortisone,  1 7-ethyl- 19-nortestos- 
terone  and  testosterone  propionate  on  the  S’*  uptake  by  healing  fracture. 
An  attempt  was  also  made  to  off.set  the  catabolic  effect  of  cortisone  by 
simultaneous  administration  of  those  androgenic  steroids  to  the  animals. 

METHODS 

Pre paration  of  animals:  Male  rats  of  the  Wistar  strain  having  a  weight  range  from 
210  to  325  gin.  and  fed  with  commercial  Miracle  dog  food  were  used  for  this  study. 

I'nder  ether  anesthesia  a  closed  complete  fracture  of  the  right  humerus  was  produced 
by  grasping  the  foreleg  between  the  fingers  and  the  thumb  of  each  hand  and  breaking 
the  bone  at  its  mid  point.  The  animals  were  kept  in  separate  cages,  and  all  made  a 
satisfactory  recovery  from  anesthesia.  The  fractures  were  left  to  heal  unsupported. 
Three  weeks  following  the  fracture  the  rats  were  sacrificed. 

Radiosulfur  in  H2SO4,  Atomic  Elnergy,  Canada)  was  given  in  doses  of  200  micro¬ 
curies  by  intraperitoneal  injection  24  hours  prior  to  sacrifice.  The  dose  was  dissolved 
in  2  cc.  of  distilled  water  together  with  8  mg.  of  sodium  sulfate  (7). 

Treatment:  The  hormones  were  given  by  injection  or  per  os  during  the  three  week 
jieriod  of  healing  of  the  fracture,  4  doses  the  first  week  and  3  doses  weekly  for  the  n(‘\t 
two  weeks.  Following  doses  were  used: 

Corti.sone  (Merck),  10  mg.  in  0.5  cc.  of  .saline,  subcutaneously; 

1 7-ethyl- 19-nortestosterone  (Searle  <S:  C'o.),  5  mg.  in  0.4  cc.  of  sesame  oil,  intra¬ 
muscularly; 

1 7-ethyl- 19-nortestosterone,  5  mg.  per  os,  crushed  tablet,  mixed  with  food; 

T(*stosterone  propionate  (Gen.  Bioch.  Inc.),  5  mg.  in  0.4  cc.  of  sesame  oil,  intr:  - 
muscularly. 

Animals  were  divided  into  the  following  seven  groups: 

1 — no  treatment;  2 — given  17-ethyl- 19-nortestosterone  in  o  ; 

3 — given  testosterone  propionate;  4 — given  cortisone; 

.5 — treated  with  corti.sone  and  17-ethyl-19-nortestosterone  in  oil; 

6 —  treated  with  cortisone  and  17-ethyl-19-norte.stosterone  per  os; 

7 —  given  cortisone  and  testosterone  propionate. 

Measurement  of  radiosulfur:  After  sacrifice  of  the  rats  the  fractured  normal  hume  . 
were  removed,  cleaned  and  dried  at  room  temperature  for  24  hours,  following  whi< 
their  weights  were  recorded. 
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The  bones  were  then  dissolved  by  the  nitrie-perehlorie  aeid  wet-digestion  i)roeedure 
(ii  cribed  in  detail  in  our  previous  report  (7). 

The  final  precipitate  of  radioactive  barium  sulfate*  was  transferred  to  planchcttes 
ai  1  the  counting  carried  out  using  a  thin  mica  window  Tracerlab  G-M  tube.  .\  Tracer- 
la  Super.scaler  S.C.  18.\  was  used  for  recording. 

The  results  were  calculated  in  counts  i)er  minute  (c.p.m.)  i)er  100  mg.  of  tissue  and 
])  -ented  as  F  I  ratio  of  radioactivity.  This  is  the  ratio  of  the  uptake  (c.p.m.  100  mg. 

T.\BI.E  1.  W'EKiHT  OK  KRACTl  REO  (W.F.)  Wli  IXT.WT  (W.I.)  Hl'MERI  EXPRESSED  AS 
\V.F./\V.I.  RATIO,  THREE  WEEKS  AKTER  KRACTI  RE 


xperimcntiil 

group 

of  rats 

Values 

W.F./W.I. 

1 

:«) 

Mean 

S.l). 

Range 

1  .•2;{ 

+  0.10 
1.11-1  .:i9 

2 

20 

.Mean 

S.l). 

H  angc 

1 .:{(» 

+  0.19 

1  .o:v-i  .89 

•20 

Mean 

S.l). 

Kangt* 

1 .  ;io 
±0. 18 
0.9:1  1  .02 

4 

25 

Mean 

S.l). 

Range 

1.27 

±0.11 

1 .07-1 .48 

5 

20 

Mean 

S.l). 

Range 

1.18 
±0.12 
0.99-1 .90 

() 

•20 

Mean 

S.l). 

R  ange 

1  .27 
+  0.14 

1  .o:m  .55 

7 

18 

Mean 

S.l). 

Range 

1 . :«) 
±0.11 

1 .1:1-1. 6:1 

of  bone)-of  S’®  by  the  fractured  humerus  (F)  to  the  uptake  of  S’*  by  the  corresponding 
intact  bone  (I).  The  data  obtained  from  the  study  of  normal  untreated  rats  and  from 
the  animals  given  1 7-ethyl- 19-nortestosterone  and  testosterone  propionate  were  in  part 
included  in  our  previous  reports  (5,  8). 


RESULTS 

The  results  are  .summarized  in  the  accompanying  tables.  The  differ¬ 
ence  in  weight  between  fractured  (W.F.)  and  intact  bone  (W.I.)  was  ex- 
p  essed  as  W.F.,  W.I.  ratio,  and  is  given  in  Table  1.  It  may  be  seen  that 
this  ratio  is  not  significantly  affected  by  any  treatment  used  in  this  study. 
This  observation  excludes  the  possibility  that  the  data  concerning  the 
iiotake  might  be  influenced  by  the  change  of  W.F./ W.I.  ratio  due  to  a 
t  iatment. 

Table  2  presents  the  data  on  the  study  of  radioactivity  in  fractured  and 
i  itact  humeri.  There  is  a  significant  increase  of  F/I  ratio  in  animals 
’  eated  with  17-ethyl-19-nortestosterone  and  an  equally  significant  reduc- 
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TaBI.K  2.  1{aTI(»  F,  I  <»K  THE  RADIOACTIVITY  IX  KRAI'Tl  RED  (F)  AM)  INTACT  (I)  HI  MERI, 
THREE  WEEKS  AFTER  FRACTCRE  ANT)  24  HRS.  AFTER  THE  ADMINISTRATION  OF 

K.N.T.  =  1 7-<‘thyl-l9-iu)rt(‘sfost(‘r<)ii(‘ 

T.l*.  =t<‘stostc‘ronp  iirojiionatc 


( Jroup 

('onditiDD 

No.  of  rats 

t’alnes 

FI 

1 

No  troiif  miTit 

:io 

.Mean 

S.l). 

Hange 

2.11 

±o.:io 

1 .01-2.80 

2 

Iiij«“ct(‘(l  with  .iO  iiiK,  of 
K.N.T. 

20 

1^-  1 

4.:i8 
±1.10 
:M).5  7.00 

Injoctcd  witii  .iO  inu.  of 

T.l’. 

20 

-Mean 
.S.  1 ). 
Hange 

1  .70 
±0.40 
0.87-2.70 

4 

Injoi-ted  with  100  inn.  of 
cortisone 

2o 

Mean 

S.l). 

Hange 

0 . 70 
±0.20 
0.40-0.00 

5 

Injected  with  100  ing.  of 
cortisone  and  .50  nig.  of 
K.N.T. 

20 

Mean 

S.l). 

Range 

1  .00 
-f-o.:ii 

1 .00-2.1 1 

() 

Injected  with  100  nig.  of 
cortisone  and  given  50 
ing.  of  K.N.T.  j)er  os. 

20 

.Mean 

S.l). 

Hange 

2.14 

-t-0.50 

1  .54-:i.57 

i 

Injected  with  100  ing.  of 
cortisone  and  .50  ing.  of 
T.l’. 

18 

Mean 

S.l). 

Hang(‘ 

1.14 
-(-0.24 
0.,58-l  .45 

tion  of  this  ratio  in  rats  given  cortisone,  as  compared  with  normal  controls. 
Te.sto.sterone  propionate  does  not  improve  the  F  I  ratio  in  the  similar 
experimental  conditions. 

It  may  he  noted  that  the  simultaneous  treatment  with  cortisone  and  17- 
ethyl-19-nortestosterone  partially  off.set  the  effect  of  corti.sone,  and  this 
protective  action  is  very  significant  in  the  group  given  1 7-ethyl- 19-nor- 
testosterone  per  os.  The  effect  of  te.sto.sterone  propionate  on  F/I  ratio  in 
cortisone  treated  rats,  cannot  be  considered  as  significant. 

DISCUSSION 

The  inhibitory  effect  of  corti.sone  on  tissue  repair  as  demonstrated  b} 
the  other  techniques,  was  also  proved  in  our  experimental  conditions.  Be 
cau.se  cortisone  blocks  the  production  of  mucopolysaccharides  which 
specifically  incorporate  labelled  sulfate,  the  propo.sed  uptake  method  seem^ 
adequate  to  .study  catabolic  action  of  this  hormone. 

This  method  also  shows  that  the  anabolic  steroid  17-ethyl-19-nortestos- 
terone  stimulates  bones  healing.  This  probably  means  that  17-ethyl-19- 
nortestosterone  promotes  the  synthesis  of  collagen  during  the  process  ot 
repair.  Combined  therapy  protects  connective  tis.sue  against  the  effect  ot 
corti.sone,  17-ethyl-19-norte.sto.sterone  given  by  injection  is  le.ss  effective 
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th;  1  given  per  os.  Under  descrn)ed  experimental  conditions  tlie  injection 
of  7-ethyl-19-nortestosterone  in  oil  occasionally  resulted  in  local  infec- 
tio  and  this  factor  may  be  responsible  for  the  results.  1 7-ethyl- 19-nor- 
te^  )sterone  per  os  was  well  tolerated,  and  in  combination  with  cortisone 
as.'  red  very  significant  protection  of  animals  against  the  catabolic  effect 
of  (itisone,  as  determined  by  S-’’  uptake  method. 

cstosterone,  which  is  considered  to  be  a  protein  anabolic  hormone 
th  ,  and  is  clinically  used  as  a  factor  promoting  bone  growth  fl  1),  did  not 
sh<  \v  such  an  effect  on  the  repair  of  fractured  bones  in  this  study.  It  also 
(li(  not  demojistrate  any  significant  protection  in  rats  treated  with  corti- 
so!  e. 

’.'he  practical  value  of  this  finding  for  clinical  use  is  difficult  to  foresee. 

However,  the  pos.sibility  of  offsetting  the  catabolic  effects  of  cortisone  by 
soi.ie  new  synthetic  anabolic  steroids  shall  be  seriously  considered. 
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CHANGES  IN  THE  ADRENAL  OF  THE  HYPOPHYSEC'- 
TOMIZED  C3H  MOUSE  WITH  a-CORTICOTROPIN 
AND  GROWTH  HORMONE' 

ARDIS  J.  LOSTROH*  and  PEGGY  WOODWARD 

Hormone  Research  Laboratory,  University  of  California,  Berkeley,  California 


ABSTRACT 

Changes  in  tlie  adrenal  gland  of  the  C3H  mouse  and  in  the  distribution  of 
lipid  therein  as  a  eonsequence  of  hypophyseetomy  were  investigated,  and  re¬ 
placement  therapy  with  a-eorticotropin  and  growth  hormone,  alone  or  in 
combination,  was  instituted.  20  days  after  removal  of  the  pituitary,  the  adrenal 
cortex  manifested  an  atrophy  similar  to  that  described  for  other  strains  of  mice 
and  for  the  rat.  a-Corticotropin  at  daily  dose  levels  of  0.020  mg.  and  0.050  mg. 
given  for  7  days  restored  the  zonafasciculata  of  the  cortex  and  increased  the  his- 
tologically-detectable  lipid  in  the  zona  glomerulosa.  \  dose  of  0.10  mg.  in¬ 
creased  the  weight  of  the  adrenals  by  100  per  cent  and  effected  a  substantial 
depletion  of  sudanophilic  lij)id  from  the  cortex.  After  treatment  with  growth 
hormone,  the  adrenal  glands  were  not  significantly  heavier  than  those  of  the 
untreated  hypophysectomized  controls.  On  the  other  hand,  the  adrenals  from 
animals  injected  with  .\CTH  plus  growth  hormone  were  substantially  heavier 
tlian  the  glands  of  animals  injected  with  the  same  dosage  of  ACTH  alone. 
The.se  results  are  interpreted  as  indicating  that  the  concurrent  administration 
of  growth  hormone  enhances  the  effectiveness  of  .\CTH. 

SINCE  the  isolation  of  the  pure  adrenocorticotropic  (ACTH)  peptide 
(1,  2,  3),  many  of  the  l)iological  activities  originally  ascribed  to  the 
protein  hormone  hav^e  been  re-investigated.  Studies  conducted  in  human 
patients  have  demonstrated  the  efficacy  of  the  peptide  in  stimulating  the 
release  of  adrenocorticoids  (4).  Recently,  a  thorough  evaluation  of  the  bio¬ 
logical  properties  of  a-corticotropin  in  the  Long-Evans  rat,  including  dire(  t 
and  indirect  effects,  has  been  published  (5).  No  information  has  been  n  - 
ported  with  respect  to  the  direct  effects  of  a-corticotropin  on  the  adrenal 
gland  of  the  mouse,  although  it  has  been  demonstrated  that  the  hormoiv 
is  a  potent  agent  for  mobilizing  lipid  to  the  liver  of  this  animal  after  fast¬ 
ing  (o).  In  the  pre.sent  inv'e.stigation,  particular  attention  has  been  giveu 
to  the  changes  observ’ed  in  the  weight  of  the  adrenal  and  in  the  di.stribn 
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ti  II  of  lipid  in  the  zones  of  the  gland  as  a  consequence  of  hypophysectomy 
ai  (1  subsequent  replacement  therapy  with  a-corticotropin  or  growth  hor- 
n  me,  or  with  combinations  of  these  two  hormones. 

EXPERIMENTAL  PROCEDURE 

Female  miee  of  the  ('8H  strain  were  hypopliyseetomized  at  35  days  of  age  according 
ti  the  technique  describe*!  in  an  earlier  puldication  ((>);  single  daily  subcutaneous  injec- 
ti  IIS  were  l)egun  on  the  13th  day  after  operation  and  were  usually  continued  for  7  days. 
’\  c  only  excei)tion  to  this  regiimui  was  introduced  in  the  cast*  of  growth  hormone  giv^en 
ti  :ether  with  .VCTH,  sinee  the  hypophysectomized  mice  rarely  survived  for  longer  than 
2  hours  following  the  injection  of  this  combination.’  This  e.xjierimental  group  was  pre- 
ti  atetl  with  growth  hormone  for  one  week,  beginning  12  days  after  hyi)ophysectomy, 
a:  d  was  then  injected  simultaneously  with  both  hormones.  For  an  appropriate  control, 
tl  “  animals  that  received  only  growth  hormone  were  likewise  given  a  total  of  14  rather 
tl  tn  7  injections.  At  autopsy,  the  two  adrenal  glands  were  dissected  free  from  sur- 
n  unding  tissue,  weighed,  and  immediately  fi.xed  in  10%  neutral  formalin.  Subsequently, 
the  glands  were  infiltrateil  with  g('latin,  and  frozen  sections,  10  ^  in  thickness,  were 
piepared  and  stained  with  oil  red  O  or  with  Sudan  black  R. 

The  .VCTH-F  fraction  was  obtained  from  an  acid-acetone  jiowder  derived  from 
slieej)  glands  and  the  a-corticotroi)in  was  obtained  by  further  purification  of  this  material 
(1);  both  were  administered  as  solutions  in  16%  gelatin.  The  growth  hormone,  isolated 
from  bovine  pituitaries  (7),  was  found  to  contain  no  detectable  .VCTH  activity  in  the 
ascorbic  acid-depleting  assa\’,  and  0.04  U.S.P.  units  of  thyrotropin  (TSH)  per  mg.^ 
Tlie  DL-thyroxine  was  a  Squibb  product. 

RESULTS 

Hypophysectomy.  C3H  female  mice  hypophysectomized  at  3o  days  of 
age  showed  substantial  atrophy  of  the  adrenal  glands  20  days  after  the 
operation.  The  weight  of  the  paired  glands  was  found  to  have  decreased 
from  3.7  mg.  to  1.9  mg.  (Table  1),  and  the  adrenal  cortex  manifested  hi.sto- 
logically  detectable  changes,  which  indicate  that  it  is  dependent  upon  the 
pituitary  for  the  maintenance  of  a  normal  appearance.  The  zona  fasciculata 
was  shrunken,  the  individual  fascicular  cells  showed  marked  atrophy,  and 
the  zona  glomernlosa  had  come  to  occupy  about  one-fourth  of  the  cortex. 
.Mthough  no  subglomerular  sudanophobic  zone  was  visible  in  the  mouse 
adrenal,  the  cells  of  the  glomerulosa  could  generally  be  distinguished  from 
those  of  the  fasciculata  since  the  former  are  arranged  in  irregularly  shaped 
iK'sts  between  which  the  blood  channels  pass.  The  lipid  in  the  zona  glomer¬ 
ulosa  was  finely  dispersed  and  sparse,  but  the  concentration  of  the  material 
that  could  be  stained  with  either  oil  red  O  or  Sudan  black  B  did  not  seem 

’  The  rapidity  with  which  the  typical  symptoms  such  as  lethargy  and  irritability 
d  veloped  following  the  injection  of  the  two  hormones  suggested  that  changes  in  the 
h’  )od  glucose  level  might  be  associated  with  their  appearance.  No  investigation  of 
hi  >od  glucose  levels  in  the  cachetic  animals  was  undertaken.  However,  in  the  limited 
r  mber  of  instances  in  which  determinations  were  made  values  in  the  diabetic  range, 
2  3  times  those  of  the  hypophysectomized  controls,  were  observed. 

*  We  wish  to  thank  Dr.  R.  W.  Bates  of  the  National  Institute  of  .\rthritis  and  Meta- 
L  die  Diseases  for  the  assay  of  TSH  contamination  in  the  grow'th  hormone  preparation. 
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to  he  reduced  as  a  consequence  of  hypophysectomy  (Figs.  lA  and  IB).  1 
the  zona  fasciculata,  the  cells  retained  their  typical  cord-like  arrangement 
hut  they  did  show  some  depletion  of  sudanophilic  material,  as  illustrate  ' 
in  Figure  IB,  where  it  can  he  seen  that  the  staining  reaction  is  less  intens  ■ 
in  the  fasciculata  of  the  hypophysectornized  animal  than  in  that  of  th  - 
normal  control. 

Treatment  with  ACTH.  Both  pure  a-corticotropin  and  the  partially  puri¬ 
fied  ACTH  promoted  weight  increases  in  the  adrenal  glands  of  the  hypophy- 
sectomized  mice.  \  daily  dose  of  approximately  O.OoO  mg.  of  the  pure 
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peptide  was  retjuired  to  produce  adrenal  weights  comparahle  to  tho.se  of 
the  non-hypophy.sectomized  control  animals  (Table  1).  Involution  of  the 
tlninus  was  a.s.sociated  with  the  adrenal  stimulation.  From  the  histological 
sections  it  was  evident  that  both  the  zona  glomerulosa  and  the  zona  fascieu- 
lata  had  been  affected  by  the  ACTH  (Figs.  1C  and  ID).  The  lipid  distribu¬ 
tion  was  found  to  be  uniform  throughout  the  two  zones,  the  individual 
cells  were  large,  and  the  nuclei  had  a  normal  appearance. 

As  would  be  expected  on  the  ba.sis  of  the  results  obtained  in  the  rat  (o, 
8),  dose  levels  of  0.10  mg.  of  a-corticotropin  and  0.2  mg.  of  ACTH-F  in¬ 
duced  hypertrophy  of  the  gland  accompanied  by  an  extensive  depletion 
of  the  histologically-detectable  lipid.  With  this  degree  of  hypertrophy  of 
the  fascievdar  cells,  the  non-sudanophilic  juxt  a  medullary  zone®  that  i 
characteristic  of  the  adrenal  gland  of  the  virgin  female  mou.se  (11),  am' 
that  was  discernible  in  all  of  the  other  groups  .studied,  in  this  instanci 
could  not  be  di.stinguished  as  a  region  distinct  from  the  inner  fa.sciculata 
when  examined  in  frozen  sections  stained  with  Sudan  black  B.  Vacuola 
tion  of  the  cortical  cells,  particularly  those  of  the  outer  fa.sciculata,  al.s< 

‘  The  juxtamedullary  zone  probably  corresponds  to  the  highly  developed  reticula 
X  zone  described  by  Howard-Miller  (9)  and  studied  in  some  detail  by  Jones  (10). 


Kig.  I.  Frozen  sections  of  adrenal  glands  of  female  C3H  mice,  10  miera  in  thickness. 

Sudan  black  B  stain,  X37. 

V.  Adrenal  of  normal  mouse,  .54  days  of  age.  The  zona  glomerulosn  contains  a  mod¬ 
erate  amount  of  finely-disbursed  lipid  and  the  zona  fascirulata  is  laden  with  lipid. 

B.  .\drenal  of  mouse,  hypo))hy.s(‘etomized  at  35  days  of  age,  20  days  after  the  o|)era- 
tion. 

' Adrenal  of  hypophysectomized  mouse  injected  with  0.050  mg.  of  a-eorticotropin 
for  7  days.  The  zonae  glomeruloea  ami  fnecivulata  contain  considerable  lipid  and 
the  cortical  cells  are  large. 

).  -Vdrenal  of  hypophysectomized  mouse  injected  with  0.10  mg.  of  a-corticotropin 
for  7  days.  The  zona  glomervlosa  contains  some  lipid;  the  cells  of  the  zona  fasciculata 
are  hypertrophied  and  nearly  depleted  of  sudan-staining  material. 

I'i.  Adrenal  of  hypophysectomized  mouse  injected  with  0.10  mg.  of  growth  hormone 
for  14  days. 

F.  .Vdrenal  of  hypoplusectomized  mouse  injected  with  0.10  mg.  of  growth  hormone 
for  7  days  and  with  a  combination  of  0.10  mg.  of  grow’th  hormone  and  0.050  mg. 
of  a-corticotropin  for  7  days. 


1 


am 


502 


LOSTROH  AND  WOODWARD  Volmm  2 


1 

s 


occurred.  These  cells  were  greatly  hypertrophied  and  contained  lai  ,e 
vesicular  nuclei. 

Treatment  icith  ACTH  and  Growth  Hormone,  The  weights  of  the  adrei  il 
glands  from  hypophysectomized  mice  injected  with  a  daily  dose  level  )f 
0.10  mg.  of  growth  hormone  were  not  significantly  higher  than  those  )f 
the  glands  from  hypophysectomized  controls,  although  the  cells  throng  i- 
out  the  cortex  of  the  treated  animals  appeared  to  be  somewhat  less  atrophic 
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*  .All  mice  hypophysectomized  at  .t5  days  of  age  and  sacrificed  at  either  54  or  61  days 
t  Mean+standard  error. 

t  Single  daily  subcutaneous  injections  begun  at  47  days  and  continued  for  7  days. 

§  Single  daily  subcutaneous  injections  begun  at  47  days  and  continued  for  14  days. 


and  in  .several  instances  the  staining  reaction  with  Sudan  black  B  was  less 
intense  (Fig.  IE).  On  the  other  hand,  the  weights  of  the  adrenal  glands  from 
the  animals  injected  with  ACTH  plus  GH  were  substantially  higher  than 
the  weights  of  the  glands  from  animals  injected  with  the  same  dosage  of 
ACTH  alone.  For  example,  the  adrenals  of  mice  injected  with  0.050  mg. 
of  a-corticotropin  weighed  4.2  mg.:  tho.se  of  mice  given  the  same  dose  of 
a-corticotropin  plus  0.10  mg.  of  growth  hormone  weighed  5.1  mg.  (Table  2 1. 
.\t  the  .same  time,  there  was  no  indication  that  growth  hormone  given  'n 
conjunction  with  a-corticotropin  effects  any  changes  that  cannot  be  pro¬ 
duced  with  higher  dose  levels  of  a-corticotropin  itself  (Fig.  IF). 

Treatment  with  ACTH  and  Thyroxine.  The  growth  hormone  preparatii  i 
used  in  this  investigation  did  contain  0.04  U.  S.  P.  units  of  TSH/'mg.  Th:  t 
this  level  of  contamination  could  be  responsible  for  the  synergism  obtainc  I 
when  growth  hormone  is  administered  along  with  ACTH  .seems  unlikel' . 
However,  in  order  to  establish  that  the  small  amounts  of  thyroid  hormoi  ^ 
that  might  be  released  under  the  influence  of  a  T8H  contaminant  coul  I 
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IK  t  duplicate  the  effects  on  the  adrenal  gland  observed  when  growth 
Ik  mone  is  injected  in  conjunction  with  ACTH,  dose  levels  of  0.0003  mg. 
ol  DL-thyroxine  and  0.20  mg.  of  ACTH  were  administered  to  one  group 
of  die  hypophysectomized  mice.  It  can  be  seen  in  Table  2  that  the  weights 
ot  tiie  adrenal  glands  from  animals  given  the  combination  treatment  were 
IK  greater  than  those  from  animals  given  ACTH  alone. 

DISCUSSION 

The  administration  of  a-corticotropin  to  hypophysectomized  female 
iii  ce  was  found  to  promote  weight  increases  in  the  adrenal  gland  and  to 
el  ect  a  redistribution  of  lipid  in  the  cortex.  The  weight  of  the  adrenals 
was  restored  to  that  of  the  normal  control  with  a  daily  dose  level  of  O.OoO 
Dig.  At  this  lev'el,  the  intensity  of  the  lipid  stain  was  also  similar  to  that 
seen  in  the  normal  animal  and  substantial  amounts  of  finely  disbursed 
droplets  were  present  in  the  cells  of  the  zonae  glomernlosa  and  fascicidata. 
.\lt hough  it  has  been  amply  demonstrated  that  the  inner  zones  of  the 
adrenal  cortex  undergo  atrophy  following  hypophysectomy  (12)  and  that 
in  the  rat  this  atrophy  can  be  fully  repaired  with  pure  ACTH  (o),  there  is 
disagreement  as  to  whether  or  not  the  zona  glomerulosa  is  in  any  way 
dependent  upon  the  pituitary  for  its  maintenance  and  function.  It  seems 
clear  that  the  width  of  the  zona  glomerulosa  in  either  the  rat  or  the  mouse 
is  little  if  at  all  reduced  for  some  time  after  hypophysectomy  and  that 
tlie  individual  glomerular  cells  do  not  exhibit  a  cellular  shrinkage  compara¬ 
ble  to  that  of  the  cells  of  fasciculata  (13,  14,  15).  Nevertheless,  changes  in 
lipid  distribution  following  the  administration  of  ACTH  have  been  demon¬ 
strated  in  both  the  rat  (5, 16)  and  the  mouse  (17),  and  these  earlier  observa¬ 
tions  have  been  confirmed  by  the  present  study.  Whether  or  not  a  redis¬ 
tribution  of  lipid  is  accepted  as  an  indication  of  cellular  activity,  it  can 
still  be  said  that  the  zona  glomerulosa  of  the  hypophy.sectomized  mouse 
does  manifest  histologically  detectable  alterations  following  the  adminis¬ 
tration  of  pure  a-corticotropin. 

Considerable  enlargement  of  the  adrenal  glands  can  be  produced  by 
treatments  with  ACTH;  in  the  hypophysectomized  rat,  such  abnormal 
glands  usually  contain  little  subdanophilic  material  (8).  A  similar  situation 
obtains  in  the  mouse.  Although  one  might  expect  that  if  a-corticotropin 
increases  the  amount  of  sudanophilic  material  in  the  adrenal  gland  at  a 
dose  lev'el  of  0.050  mg.,  an  increase  would  also  be  effected  at  a  level  of  0.10 
nig.  Nonetheless,  the  fact  that,  on  the  contrary,  a  decrease  in  sudanophilic 
iiKiterial  is  observed  does  not  necessarily  indicate  a  decrease  in  the  activity 
of  the  gland.  It  should  be  recognized  that  the  intensity  of  the  reaction 
0!  tained  with  a  given  staining  agent  is  at  best  an  indication  of  the  quantity 
0*  reactive  material  that  is  present  in  the  tissue  under  the  arbitrary  condi- 
t  )ns  chosen  for  the  study.  Thus,  in  the  case  of  the  adrenal  it  provides  no 
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direct  information  as  to  the  activity  of  the  gland  in  terms  of  the  syntlu  ds 
or  release  of  the  steroid  products,  information  that  can  only  be  imp]  ‘d 
from  other  histological  criteria  such  as  cell  size,  nuclear  detail  and  vascul  u- 
ity,  or  derived  from  direct  measurements  of  the  corticoid  output  from  he 
glands  (18), 

As  discussed  above,  a-corticotropin  influenced  the  lipid  distribution  in 
the  zona  glomerulosa  and  the  zona  fasciculata  of  the  mouse  adrenal  and  p.o- 
rnoted  considerable  increase  in  the  weights  of  the  glands.  The  combination 
of  a-corticotropin  and  growth  hormone  effected  a  similar  response,  but  ihe 
weights  of  the  adrenal  glands  from  animals  given  both  hormones  were  con¬ 
sistently  heavier  than  those  given  only  the  a-corticotropin.  Growth  hor¬ 
mone  itself  caused  a  slight  increase  in  the  weight  of  the  adrenal;  nonet iic- 
less,  the  increase  observed  in  the  weight  of  the  adrenals  of  animals  treated 
with  growth  hormone  alone  over  the  weight  of  the  adrenals  of  hypopliy- 
.sectomized  controls  should  represent  the  maximal  contribution  that  the 
stimulus  afforded  by  growth  hormone  can  make  to  the  total  weight  of  the 
gland.  This  amounts  to  only  20%  of  the  increase  elicited  by  growth  hor¬ 
mone  plus  O.OoO  mg.  of  a-corticotropin,  and  10%  of  the  increase  elicited  by 
growth  hormone  plus  0.20  mg.  of  the  ACTH-F  fraction.  Clearly,  the  effec¬ 
tiveness  of  growth  hormone  in  promoting  weight  increa.ses  in  the  adrenal 
gland  of  the  hypophysectomized  C3H  mouse  is  related  to  the  dosage  of 
ACTH  that  is  administered  in  conjunction  with  it.  Within  the  dose  range 
studied,  the  synergistic  action  exercised  by  growth  hormone  became  more 
pronounced  as  the  dose  of  ACTH  was  increased.  Inasmuch  as  these  results 
parallel  the  results  previously  obtained  in  the  hypophy.sectomized  rat 
(8),  further  support  is  given  to  the  contention  that  the  effect  of  growth 
hormone  on  the  adrenal  is  distinct  from  the  effect  of  .ACTH  and  that 
growth  hormone  actually  enhances  the  action  of  the  latter. 
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ABSTRACT 

5i  and  0  corticotropins,  prepared  by  Bell  and  co-workers,  were  assayed  for 
hydrocortisone  and  aldosterone  stimulating  activity  in  the  decerebrate  dog. 

The  two  preparations  were  found  to  be  of  approximately  equal  potency  in 
stimulating  h\’drocortisone  secretion.  However,  5i  corticotropin  proved  to  be 
s('veral  times  as  active  as  0  corticotropin  in  stimulating  the  secretion  of  aldos¬ 
terone.  The  aldosterone  stimulating  activity  of  5i  corticotropin  is  destroyed 
by  heating  in  alkali,  indicating  that  it  is  not  due  to  the  melanocyte  stimulating 
activity  known  to  be  present  in  this  j)reparation. 

Numerous,  frequently  conflicting,  reports  of  the  aldosterone  stim¬ 
ulating  activity  of  ACTH  hav-e  appeared  in  the  literature.  In  the 
hypophysectomized  dog  a  modest  increa.se  in  the  rate  of  secretion  of  the 
steroid  has  been  reported  to  follow  the  infusion  of  ACTH.  The  increase 
was  small  when  compared  to  the  effect  of  ACTH  on  the  secretion  of  the 
other  corticosteroids  (1).  In  the  rat,  however,  a  much  larger  increase  in 
aldosterone  .secretion  after  ACTH  has  been  demonstrated  (2).  The  in  vitro 
effect  of  ACTH  on  aldosterone  synthesis  was  found  to  be  inconsistent  and 
to  vary  with  the  preparation  studied  (3).  In  man,  the  administration  of 
ACTH  has  been  descril)ed  as  without  effect  on  the  blood  levels,  or  to  lead 
to  transient  increases  in  the  urinary  levels  of  the  steroid  (4,  5,  0,  7,  8). 

Interpretation  of  the  findings  of  different  workers  is  difficult.  The  prob¬ 
lem  is  somewhat  complicated  by  the  fact  that  ACTH  appears  to  consist  of 
.several  biologically  active  components  (9,  10).  The  work  of  Bell  and  hi< 
collaborators  is  of  special  interest  in  this  connection.  These  workers  hav(' 
partitioned  a  preparation  of  ACTH  into  .several  fractions  with  very  high 
order  of  ACTH  activity,  as  a.ssayed  in  the  adrenal  a.scorbic  acid  depletion 
test  of  Sayers  et  al.  (10).  However,  the  steroidogenic  properties  of  tlu 
preparations  have  not  been  studied.  This  seemed  to  be  of  importance  sincf 
evidence  has  recently  been  pre.sented  that  the  steroidogenic  property 
of  ACTH  does  not  nece.ssarily  parallel  the  adrenal  ascorbic  acid  depleting 

Received  October  8,  1957. 
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a  tivity  (9).  Further,  there  is  no  evidence  available  to  relate  aldosterone 
S  imulating  activity  to  the  effects  on  adrenal  ascorbic  acid.  In  order  to 
c  uify  these  points,  Bell  and  his  collaborators  v'ery  kindly  made  available 
t  us  samples  of  two  of  their  highly  purified  preparations  (/3  and  5i  cortico- 
t  ipins).  These  have  been  assayed  for  aldosterone  and  hydrocortisone 
s  iinulating  properties  in  the  decerebrate  dog.  Both  preparations  were 
f.  and  to  stimulate  hydrocortisone  secretion  to  about  the  same  extent. 

1  owever,  5i  corticotropin  appears  to  be  many  times  more  active  than  |8 
c  rticotropin  in  stimulating  aldosterone  secretion. 

METHODS 

In  the  assay  of  the  first  lots  of  /3  and  6i  corticotropins,  1  mg.  of  the  powdered  prepara- 
ti  'iis  was  weighed  to  the  nearest  5  mK-  and  dissolved  in  100  ml.  of  0.9%  NaCl  made  to 
0.01  N  with  HCl.  The  stock  solution  was  frozen  for  storage.  The  frozen  stock  solution 
w  IS  thawed  and  an  aliquot  removed  for  assay  on  each  assay  day.  In  the  assay  of  the 
second  lots  of  |8  and  6i  corticotropins,  50  to  100  /ug-  of  the  dried  powders  was  weighed  on 
each  assay  day,  and  dissolved  in  a  suitable  volume  of  0.9%  NaCl  made  to  0.01  N  with 
HCl.  .\n  aliquot  of  this  freshly  prepared  solution  was  used  for  assay  on  the  day  of 
])n“paration. 

To  determine  the  effect  of  heating  in  alkali  solution  on  the  biological  activity  of  6i 
corticotropin,  15  ml.  of  a  stock  solution  (20 /rg.  ml.)  was  adjusted  to  0.1  N  with  NaOH 
and  heated  in  a  boiling  water  bath  for  20  minutes.  The  solution  was  divided  into  equal 
aliquots,  corresponding  to  doses  of  150)ug.  of  corticotropin.  Each  aliquot  was  adju.sted  to 
pH  7  and  subsequently  diluted  to  1  liter  of  0.9%  NaCl  made  to  0.01  with  HCl  for  assay. 

For  the  assay,  large  male  dogs  were  anesthetized  with  sodium  pentobarbital  and 
subjected  to  midcollicular  decerebration.  Decerebration  was  as  follows:  X  flap  of  bone 
was  raised  on  the  dorsum  of  the  skull.  Bleeding  from  dural  sinuses  was  controlled,  and 
the  dura  was  resected  to  expose  the  occipital  and  parietal  lobes.  The  occipital  lobes  were 
removed  with  suction  and  the  corpora  quadrigemina  were  exposed  and  identified.  The 
handle  of  a  scalpel  was  passed  through  the  brain  stem  at  the  midcollicular  level.  The 
brain  substance  ro.stral  to  the  section  was  removed  with  suction.  The  pituitary  was  also 
removed.  The  internal  carotid  arteries  and  the  posterior  cerebral  arteries  were  clamped. 
Sl)ontan^ous  respiration  was  usually  present;  however,  artificial  respiration  was  rou¬ 
tinely  instituted  by  means  of  an  alternating  positive-pressure  respirator  to  insure  ade- 
(piate  oxygenation.  Periodic  rectal  temperature  observations  were  made  and  heat  lamps 
(tr  ice  packs  applied  as  necessary  to  maintain  body  temperature  within  the  range  35-39°. 
.Arterial  blood  pressure  (femoral  or  carotid)  was  determined  by  means  of  a  mercury 
manometer.  A  solution  of  norepinephrine  or  epinephrine  in  5%  glucose  was  infused  when 
IK  eded  to  maintain  the  blood  pressure  at  or  above  80  mm.  Hg.  Four  hours  after  decere- 
bi  ation,  the  left  adrenal  vein  was  cannulated  for  collection  of  adrenal  venous  blood  and 
tiie  corticotropin  to  be  assayed  in  one  liter  of  0.9%  NaCl  made  to  0.01  N  with  HCl, 
w  IS  infused  over  a  period  of  approximately  2  hours.  The  adrenal  venous  blood  collected 
(hiring  the  infusion  period  was  frozen  for  later  steroid  isolation,  .\ldosterone  (as  the  di- 
a<  etate)  and  hydrocortisone  were  isolated  by  paper  chromatographic  methods  described 
ii  detail  in  earlier  reports  (11,  12). 

One  dog  experiment  served  for  the  assay  of  only  one  dose  of  a  given  corticotropin, 
ii  ismuch  as  the  entire  adrenal  venous  blood  sample  from  one  experiment  was  required 
h  r  accurate  quantitation  of  the  aldosterone  secretion  rate.  The  hydrocortisone  secre- 
t  on  rate  was  determined  on  the  same  sample.  In  the  first  assay  (Table  1)18  dogs  were 
1  ed,  and  in  the  second  \Table  2),  12  dogs. 
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(Assay  I) 

Tablk  1.  Assay  ok  sykroidogexic  activity  of  ft  am>  Si  corticotropins 


Dose,  mK 


A.  Stimulation  of  ht/drocortinone  secretion 

IJpsponse,  mK-  hydrocortisone /kg.  hody  wt./lir 


Individual  vabx*s* 

Mean 

ft  rorticotropiii 

1 

8.21,  7.48,  4.33 

6 . 67 

5 

8.15,  7.25,24.80 

13.4 

10 

21.7,  20.4,  18.9 

20.3 

SiPortieotropin 

1 

1.09,  1.37,  ().17 

2.87 

5 

19.8,  10.6,  2.7 

11.03 

10 

23.5,  36.6,  18.0 

26.03 

s  equals  7.01;  b,.  equals  1 

7.03;  X  ( 

ciiuals  0.405;  M  equals  —0.009;  ±Sm  equals  0. 

Potency  6i/fi  equals  0.975  (0.51-1.53). 

B. 

Stimulation  of  aldosterone  secretion 

1  lose,  Jig. 

Kes.mnse,  jig.  aldosterone 

100  kg.  body  \vt. 

Individual  values* 

■Mean 

d  corticotropin 

5 

1.92,  2.20,  5.60 

3.24 

10 

16. .5,  9.7,  5.2 

10.46 

1(H) 

17.3,  36.1,  11.5 

21  .63 

6|  corticotropin 

1 

4.73,  7.36,19.00 

10.:i6 

5 

12.1,  18.7,  9.25 

13.35 

10 

28.0,  51.4,  .38.0 

39.13 

8  equals  10. 1 ;  h,.  equals  17.40;  X  equals  0.57():  M  equals  1.210;  ±  Sm  equals  0.209;  Potency 
bi/fi  equals  10.23  (9.51-37.8). 


be  equals  common  slope  of  logic  dose  response  curve;  s  eipials  standard  deviation  of  all  the 
individual  responses  about  this  curve;  X  equals  s/b  and  is  a  measure  of  the  accuracj-  of  the 
assay;  M  equals  logarithm  of  the  ratio  of  potencies;  Sm  equals  standard  error  of  M. 

*  Each  individual  value  rejiresents  the  secretory  rate  of  the  steroid  in  one  animal. 

RESULTS  .\ND  DISCUSSION 

The  re.siilts  of  the  two  assays  are  presented  in  Tables  1  and  2.  In  assay  I, 
a  linear  log  dose  relationship  was  found  between  doses  of  1  to  10  ng.  of 
both  corticotropins,  when  the  index  of  activity  was  hydrocortisone  .secre¬ 
tion  (A,  Table  1).  The  potency  5i  with  respect  to  hydrocortisone  .secre¬ 
tion  was  0,975  with  limits^  of  0.51  to  1.53.  When  aldo.sterone  secretion  was 
the  index  of  activity,  do.ses  of  5,  10  and  100  ng.  of  /8  corticotropin  wen* 
necessary  to  obtain  a  linear  re.spon.se,  while  doses  of  1,5  and  10  ng.  of 
corticotropin  fell  on  the  linear  portion  of  the  curve  (B,  Table  1).  Tlx- 
potency  ratio,  6i  with  respect  to  aldosterone  secretion,  w’as  16.23  with 
limits  of  9.51  to  37.8. 

In  a.ssay  II,  in  which  a  new'  lot  of  5i  corticotropin  was  a.ssayed  against  tlx 
.same  sample  of  /3,  a  different  do.se  schedule  was  neces.sary.  With  respect  t< 
hydrocortisone  secretion,  doses  in  the  range  of  \  to  16  ng.  of  both  /3  and  t 
corticotropin  seemed  to  fall  within  the  linear  do.se  response  relationshi] 


*  One  standard  error. 
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Table  2.  Assay  ok  steroidooenic  activity  ok  /3  and  5|  corticotrokins  (Assay  II) 


A.  Stimulation  of  hydrocortisone  secretion 

1  )0SD, 

Response,  jig-  hydrocortisone /kg.  body  wt./hr. 

Individual  values* 

Mean 

f)  rorticotropin 

1,4  4.90,  4.87 

1  14.0,  7.0 

4  21.8,  2.5.8 

4.88 

10.5 

28.8 

6i  corticDtrdpiu 

14  4.97,  9.00 

4  25.0,  14.9 

10  28. :i,  24.8 

7 . 28 

1 9 . 9 

20 . 5 

s  =  4.61;  bo  =  11.7; 

;  X=0.a95;  M  =0.210;  ±Sm=0.24a;  Potency  6i/d' 

=  1.04  (0.94- 

H.  Stimulation  of  aldosterone  secretion 

Response,  >ig.  aldosterone /1 00  kg. 

body  wt./hr. 

MS- 

Individual  values* 

Mean 

(i  corticotropin 

14  5.8,  10.4 

1  11.0,  17.7 

4  29.8,  82.4 

7.85 

1 4 . 05 

81 . 1 

rti  corticotropin 

1  It)  8.7,  10.9 

14  18.1,  15.4 

1  48.5,  24.8 

12.8 

19.25 

80 . 4 

.'i  =  7.9o;  be  =  19.5; 

X=0.407;  M  =0.8.584;  ±Sm=0.247;  Potency  5,/d  =  7.14  (4.04  12.0). 

l)c  =  comnion  slope  of  logio  dose  response  curve;  s=standard  deviation  of  all  individual 
responses  about  this  curve;  X  =s/l)  and  is  a  measure  of  the  accuracy  of  the  assay;  M  =loga- 
rithin  of  the  ratio  of  potencies;  Sm=standard  error  of  M. 

*  Kach  individual  value  represents  the  secretory  rate  of  the  steroid  in  one  animal. 

(Tal)le  2).  When  aldosterone  secretion  was  used  as  the  index  of  activity, 
doses  of  1  16  to  1  fig.  of  8i  corticotropin  and  j  to  4  /ug.  of  /3  corticotropin 
satisfied  the  criteria  for  linearity.  The  change  in  the  dose  schedule  Itetween 
assays  I  and  II  is  unexplained,  and  appears  to  indicate  a  shift  in  the  sensi¬ 
tivity  of  the  assay.  It  is  possible  that  variations  in  the  physiological  status 
(environmental  temperature,  degree  of  hydration,  etc.)  of  the  dogs  may 
have  influenced  the  sensitivity  of  the  assay.  The  experimental  design,  how¬ 
ever,  permits  a  reliable  estimate  of  relative  potency  since  the  steroidogenic 
activity  of  the  one  corticotropin  was  compared  to  that  of  the  other  in  each 
assay,  at  the  same  time  and  under  essentially  the  same  conditions.  The 
potency  of  the  second  lot  of  5i  as  compared  to  0,  with  respect  to  hydro¬ 
cortisone  secretion,  was  1.64  (limits  0.94-2.87).  With  respect  to  aldosterone 
scoetion,  the  potency  ratio  Bi  '0  was  7.14  (limits  4.04-12.6).  Although  the 
relative  potency  of  the  second  lot  of  8i  corticotropin  in  stimulating  aldos¬ 
terone  secretion  was  somewhat  lower  than  that  of  the  first  lot,  8i  cortico- 
tn  pin  was  again  found  to  be  more  active  than  /3  in  stimulating  aldosterone 
01  t  put. 

The  variation  in  potency  between  the  two  lots  of  5i  corticotropin  with 
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re.spect  to  aldosterone  secretion  raises  the  question  of  whether  the  aide  - 
terone  stimulating  activity  is  due  to  a  contaminant  present  to  a  varvi  g 
extent  in  the  two  lots.  6i  corticotropin  is  not  a  single  substance,  but  contai  is 
several  components  (17).  Preliminary  electrophoretic  studies  of  the  5i 
preparations  in  this  laboratory  have  demonstrated  four  smaller  coi  i- 
ponents  in  addition  to  the  major  component.  A.ssay  has  failed  to  reved 
steroidogenic  activity  in  any  but  the  major  component.  However,  tiie 
data  thus  far  accumulated  does  not  conclusively  rule  out  the  possibility 
that  the  aldosterone  stimulating  activity  may  be  related  to  a  minor  com¬ 
ponent  of  6i  corticotropin. 

It  is  known  that  5i  corticotropin  is  high  in  melanocyte  stimulating  ac¬ 
tivity  (10).  To  determine  if  the  aldo.sterone  stimulating  activity  was  related 
to  the  melanocyte  stimulating  activity,  a  sample  of  5i  corticotropin  was 
heated  (boiling  water  bath)  in  0.1  N  NaOH  for  20  minutes.  This  treatment 
is  known  to  destroy  corticotropic  activity,  but  to  leave  intact  or  to 
potentiate  melanocyte  stimulating  activity  (10).  The  material  was  assayed 
at  doses  (150  jug-)  greatly  in  excess  of  that  necessary  for  maximal  .steroido¬ 
genesis.  In  the  two  experiments  the  hydrocortisone  secretion  rate  was  5.7 
Mg./  kg.  body  wt./hr.  and  that  of  aldosterone  was  7.75  Mg-  100  kg.  body 
wt./hr.  These  values  indicate  virtually  complete  loss  of  steroidogenic  ac¬ 
tivity.  The  aldosterone  stimulating  activity  is  very  probably  not  assoc¬ 
iated  with  the  melanocyte  stimulating  activity. 

The  concept  of  separate  regulating  .suKstances  for  the  adrenal  secretion 
of  hydrocortisone  and  aldosterone  finds  considerable  support  in  the  finding 
of  a  dichotomy  of  biological  activity  of  5i  and  ^  corticotropins.  There  ap¬ 
pears  to  be  overlap  of  activity,  since  0  corticotropin  .stimulates  aldosterone 
.secretion  in  the  higher  do.se  ranges.  The  nature  of  this  overlapping  of  ac¬ 
tivity  is  not  at  all  clear,  although  it  may  be  related  to  the  role  of  corti¬ 
costerone  as  a  common  precursor  of  hydrocortisone  and  aldosterone  (13). 

The  pre.sence  of  an  active  aldosterone  .stimulating  substance  in  ACT II 
raises  the  question  of  the  possible  role  of  this  substance  in  the  sodium  re¬ 
tention  observed  clinically  after  ACTH  administration.  6i  corticotropin 
makes  up  about  10%  by  weight  of  mixed  ACTH  (10;.  A.s.suming  a  potency 
for  5i  of  approximately  10  times  that  of  /3  corticotropin,  it  is  po.ssible  (o 
calculate  that  a  combination  of  the  two  corticotropins  in  the  proportions 
1 :9,  6i:/3,  would  have  about  twice  the  aldo.sterone  stimulating  activity  of 
0  alone.  The  implications  of  this  observation  to  the  preparation  of  ACTd 
for  clinical  use  is  currently  being  explored  (14).  It  seems  very  likely  that  a 
large  part  of  the  di.sagreement  among  various  workers  as  to  the  effect  .)f 
ACTH  on  aldosterone  output  may  be  due  to  the  presence  of  varying 
amounts  of  5i  corticotropin  or  an  active  aldosterone  stimulating  fact*  r 
pre.sent  as  a  contaminant. 

The  pre.sence  of  a  highly  active  aldo.sterone  stimulating  factor  in  adein  - 
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h;  lophyseal  tissue,  which  is  the  source  of  6i  and  /3  corticotropins,  remains 
ai  enigma.  A  large  l)ody  of  experimental  evidence  direct  and  indirect,  in 
n;  n,  dog  and  the  rat  is  available  which  indicates  that  the  adenohy- 
pi  )hysisisnot  the  primary  regulator  of  aldosterone  output  (15).  Further, 
e\  .deuce  has  recently  been  presented  that  the  diencephalon  is  the  regula¬ 
te  of  aldosterone  secretion  (12),  and  aldosterone  stimulating  activity  has 
1)(  n  found  in  saline  extracts  of  beef  diencephalon  (16).  Whether  the 
di  ncephalic  factor  is  the  same  as  that  in  adenohypophyseal  tissue  cannot 
lx  answered  at  this  time.  It  is  possilde  that  an  aldosterone  stimulating 
fu  tor  may  be  elaborated  in  the  brain  stem  and  stored  in  the  pituitary 
gl  .lul  in  a  manner  analogous  to  that  for  the  secretion  of  antidiuretic 
h(  rmone.  Further  studies  are  clearly  necessary  before  a  definitive  state- 
111  nt  is  possible. 
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Addendum 

Dr.  Paul  Bell  advises  us  that  the  two  samples  of  5i  corticotropin  which 
he  supplied  for  these  assays  were  taken  from  the  same  original  lot.  Differ¬ 
ences  in  potency  estimates  thus  remain  unexplained.  Possibilities  include 
1)  decomposition  in  the  solid  state  and  2)  inherent  variability  in  the  dog 
assay.  The  latter  seems  the  more  likely.  Dr.  Bell  also  points  out  that 
alkali  treatment  drastically  changes  the  properties  of  the  intermedin 
originally  present  in  the  Si  fraction  (potentiates  and  extends  the  duration 
of  action).  For  this  reason,  these  experiments  do  not  necessarily  rule  out 
the  possibility  that  the  aldosterone  stimulating  activity  is  associated  with 
tlie  short  acting  intermedin  present  in  5i  corticotropin. 
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IX  VITRO  THYROXINE  EFFEC^T  OX  RAT  KIDNEY 
C’ORTEX  AS  IN  FLU  EXCEED  BY  ADDITIOX 
OF  AMINO  ACTDS^ 

R.  II.  LINDSAY  AND  S.  B.  BARKER 

Department  of  Pharmacology,  University  of  Alabama 
Medical  Center,  Birmingham,  Alabama 

ABSTRACT 

Tho  thyroxiiu'  maintoiuincc  of  the  nu'taholisin  of  rat  kidney  slice's  incubated 
at  5°  C'.  for  24,  4S  and  72  hours  has  Ix'en  studied  in  terms  of  specific  participation 
of  some  50  amino  acids  and  related  compounds. 

Based  on  a  comparison  of  initial  (^o.,  und  maintenance  with  similar  values 
obtained  with  simple  Ringer-Klueose  solution  without  added  amino  acid,  ni.- 
alanine,  X-aeetyl-UL-alanine,  and  L-proline  were  the  most  active.  Considered  as 
intermediate  were  /3-alanine,  threonine,  /3-  and  7-amino-n-butyrie  acids, 
taurine,  a-  and  /S-amino-isobutyric  acids.  Tryptophan  inhibited  the  thyroxine 
effect,  alone  or  in  the  presence  of  alanine  or  proline. 

Further  analysis  of  the  oL-alanine  action  indicated  the  n-form  to  be  respon¬ 
sible  for  all  of  the  activity.  Indirect  evidence  jjoints  to  deamination  plus  de¬ 
carboxylation  being  important  in  the  alanine  effect,  but  transamination  and 
even  peptide  bond  synthesis  have  not  been  ruled  out. 

WHEN  kidney  slices  prepared  from  thyroidectomized  rats  were  held 
at  5°  C.  ill  Krebs-Ringer-phosphate-glucose  solution,  the  presence  of 
o-lO  /ig.  thyroxine  per  ml.  allowed  much  better  metabolic  maintenance 
of  the  tissue  than  was  .seen  in  the  ab.sence  of  the  hormone  (1).  SuKstitution 
of  glyciue-NaOH  for  the  phosphate  buffer  did  not  alter  the  control  tis.sues, 
l)Ut  thyroxine  then  gave  nearly  100%  maintenance  at  24  hours.  When 
Ringer-DL-alanine-gluco.se  was  employed,  control  respiration  was  con¬ 
siderably  improved  and  the  tis.sue  with  thyroxine  was  somewhat  better 
than  100%  at  24  hours,  100%  or  better  at  48  hours,  and  well  maintained 
ut  72. 

Although  the  buffering  capacity  of  peptides  of  glycine  and  alanine  is 
considerably  greater  than  that  of  the  simple  amino  acids,  such  compounds 
IS  glycylglycine,  glycylglycylglycine  and  alanylalanine  were  no  more  effec¬ 
tive  than  phosphate  in  supporting  the  thyroxine  effect.  Because  of  this 
eemingly  specific  action  of  the  two  free  amino  acids,  trials  have  been  made 
-)f  most  obtainable  amino  acids  and  related  nitrogenous  compounds. 

Received  October  18,  1957. 

'  Supported  by  research  grants  from  the  .\merican  Cancer  Society  and  the  National 
Institutes  of  Health,  United  States  Public  Health  Service  (.\-1545). 
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EXPERIMENTAL  METHODS 

Male  and  female  albino  rats  of  the  Sprague-Dawley  strain  were  used  not  less  than  si 
weeks  after  thyroidectomy.  The  animals  were  sacrificed  by  exsanguination  from  the  al 
dominal  aorta  under  light  ether  anesthesia.  Both  kidneys  were  quicklj’  removed  an 
placed  in  cold  Krebs’  Ringer  solution.  Thin  slices  of  cortex  were  prepared  using  th 
Deutsch  technic. 

The  basal  medium  for  both  measurement  of  metabolism  and  incubation  was  Krcb 
Ringer  solution  containing  200  mg.%  glucose.  The  magnesium  content  was  double 
since  studies  showed  that  this  change  gave  somewhat  better  results  at  48  and  72  hom  ■; 
without  altering  the  starting  Qo^.  To  9  volumes  of  this  solution  was  added  1  volume  of  t 
0.2.1/  solution  of  an  amino  acid  or  related  compound  previously  adjusted  with  NaOH  to 
a  i)H  of  7.5-0.05.  For  the  more  insoluble  amino  acids,  it  was  necessary  to  dissolve  the 
comitound  in  enough  Ringer-glucose  solution  to  yiehl  a  concentration  of  0.02  to  0.04.1/. 
■Vfter  the  pH  had  been  adjusted  to  7.5  with  alkali,  further  Ringer-glucose  was  added  as 
necessary  to  bring  the  amino  acid  concentration  to  0.02.1/.  Ty  rosine  and  cystine  were  so 
insoluble  that  even  0.02.1/  could  not  be  achieved  below  a  pH  of  10. 

A  stock  solution  of  L-thyroxine*  containing  100/xg.  ml.  was  made  b\’  dissolving  the 
hormone  in  enough  0.1  N  NaOH  to  give  a  final  concentration  of  0.005N.  Before  diluting 
this  to  final  volume,  it  was  made  isotonic  to  0.9%  NaCl  by  addition  of  the  proper  amount 
of  10%  NaCl. 

Each  Warburg  flask  contained  2.7  ml.  of  Ringer-glucose-amino  acid  solution  to  which 
was  added  0.3  ml.  of  either  the  thyroxine  solution  or  a  control  solution  of  0.005N  NaOH 
in  0.9%  NaCl  (indicated  as  “T”  or  “Bl,”  respectively,  in  the  table  and  figures).  The 
final  thyroxine  concentration  was  thus  10 /xg.  ml. 

Solutions  were  freshly  prepared  on  the  day  of  the  experiment.  The  flasks  were  dried 
at  110°  C;  otherwise,  only  moderately  aseptic  technics  were  used.  Several  bacterial 
counts  made  at  the  end  of  the  three-day  incubation  period  were  found  to  be  in  the  range 
of  500  to  5,000  per  ml.,  and  were  the  same  in  control  and  thyroxine  vessels.* 

The  procedure  followed  for  all  experiments  consisted  of  a  preliminary  determination 
of  oxygen  consumption  at  37°  for  one  hour,  following  an  equilibration  period  of  15  min¬ 
utes.  The  vessels  were  then  detached  from  the  manometers,  flushed  with  oxygen,  capped 
with  squares  of  Parafilm  and  stored  at  5°  without  shaking.  Twenty-three  hours  later,  the 
vessels  were  regassed  with  oxygen,  remounted  on  the  manometers,  equilibrated  for  15 
minutes  and  oxygen  consumption  again  tletermined  over  one  hour  at  37°.  They  were 
then  returned  to  5°  storage,  and  the  procedure  repeated  at  48  and  72  hours.  .\11  Q(, 
values  are  /Ltl-02  mg.  wet  weight  of  tissue  hr. 

RESULTS  AND  DISCUSSION 

Figure  1  shows  the  re.sults  of  a  series  of  experiments  to  determine  the 
contribution  of  the  glucose  and  of  the  DL-alanine  to  the  thyroxine  effect. 
In  the  case  of  Ringer  alone  (no  added  substrate),  the  initial  Qoj  was  onl> 
2.29,  but  thyroxine  maintained  respiration  at  a  level  higher  than  the  blank 
on  all  three  days  of  incubation.  When  glucose  was  added  to  the  Ringet 
solution,  there  was  a  slight  increase  in  initial  Qoj  and  somewhat  bettei 
maintenance  for  all  three  days  in  the  thyroxine  vessels. 

*  Generously  provided  by  Dr.  H.  L.  Fevold,  of  the  Travenol  division  of  Baxter  Lab¬ 
oratories. 

*  Thanks  are  due  Dr.  C.  H.  Winkler  of  the  Department  of  Microbiology,  for  these 
determinations. 
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he  addition  of  alanine  to  the  Ringer  solution  istead  of  glucose  produced 
a  1  .arked  increase  in  starting  oxygen  consumption,  which  was  well  main- 
tai  led  for  the  first  day  even  in  the  absence  of  thyroxine.  After  two  and 
till  ‘6  days  of  incubation,  respiration  in  the  control  vessels  was  very  low, 
as  hough  some  essential  material  had  been  exhausted  or  some  toxic  sub- 
stf  ice  produced.  Oxygen  consumption  in  the  thyroxine  vessels  was  excel¬ 
led  for  two  days,  and  then  in  turn  plummeted  on  the  third.  The  addition 


I  I  1 - r - 1 - 1 - 1 - 1  I  I  '  I  '  r- 

I230I230I230I2 
Dayt  of  Incubation 


Fig.  1.  Effects  of  DL-alanine  and  glucose  on  the  oxygen  consumption  of  kidney  slices 
incubated  in  Krebs’  Ringer  solution.  Oxygen  uptake  was  measured  at  37°  C  initially  and 
after  1, 2  and  3  days  of  incubation  at  5°  C.  Thyroxine  concentration  (“T”)  was  10/ig./  ml. 

of  glucose  to  the  Ringer-DL-alanine  system  did  not  alter  the  starting  Qoj 
and  showed  only  minor  effects  on  the  incubated  blanks.  However,  Ringer- 
ahi nine-glucose  in  the  presence  of  thyroxine  gave  somewhat  better  than 
starting  metabolism  after  one  and  two  days  of  incubation,  and  far  better 
third  day  effects  than  with  alanine  alone. 

d’he.se  findings  with  the  Ringer,  Ringer-glucose,  Ringer-alanine  and 
Ringer-gluco.se-alanine  series  have  been  used  in  .setting  up  criteria  for 
ex  i  mining  the  results  of  the  extensive  trials  with  other  amino  acids.  These 
da  a  are  shown  in  Table  1,  with  the  nitrogenous  compounds  arbitrarily 
grouped  as  “Most  Active,”  “Intermediate”  and  “Inactive.”  All  substances 
pr  oducing  an  initial  rate  of  oxygen  uptake  above  2.5,  about  that  of  Ringer- 
gl’icose,  and  maintaining  it  in  the  presence  of  thyroxine  as  well  as  the 
Roiger-glucose  were  considered  as  belonging  in  the  first  two  active  cate- 
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Table  1.  Oxygex  c<»xsumi*ti(>n  of  kidney  slices  in  the  fkeseni  e  of  various 

AMINO  ACIDS  AND  RELATED  COMPOUNDS 


Initial  Qh,* 

% 

24  hours 

of  initial  Qo,  after 

48  hours  72  h 

(  .rs 

r 

B1 

T 

B1 

T 

B1 

T 

HI 

Mont  Active 

DL- Alanine  (35)  t 

3.94 

3.92 

90 

109 

43 

100 

18 

70 

L-l’roline  (7) 

3.93 

3.81 

04 

112 

17 

105 

1 1 

97 

\-.\eetyl-DL-.\lanine  (2) 

3 . 72 

3.77 

70 

115 

25 

103 

12 

72 

I  nierinediate 

ft-.\lanine 

3.24 

3.95 

54 

107 

24 

90 

10 

DL-Threonine 

3.12 

2.80 

54 

109 

18 

98 

7-.\mino-n-butvrip  (2) 

3.10 

2.88 

(>5 

102 

32 

92 

22 

82 

f<-.\mino-n-biit vrie  (2) 

2.87 

2.55 

77 

104 

38 

!»5 

23 

88 

Taurine 

2.70 

2.90 

82 

99 

39 

90 

fi-.\mino-isobutvric 

2.00 

2.50 

08 

103 

32 

97 

8 

87 

o-.\mino-isol)utyric 

2 . 40 

2.35 

81 

108 

35 

100 

10 

92 

/  naclive 

DL-Norleueine 

4.97 

4.84 

49 

80 

15 

51 

5 

38 

DL-.\spartic  acid 

4 .55 

3.87 

04 

97 

23 

7(> 

9 

41 

DL-Norvaline 

4.29 

4.19 

00 

101 

18 

74 

5 

47 

Di,-Isoleucine 

4.21 

3.90 

54 

94 

18 

75 

7 

03 

Cysteine 

4.14 

4.17 

15 

20 

3 

19 

•> 

10 

DL- Leucine 

3.94 

3.73 

75 

98 

24 

80 

0 

t)7 

N-.4cetvl-Klvcine 

3 . 72 

3.78 

80 

100 

30 

83 

12 

28 

Di,-Valine 

3.00 

3.37 

00 

101 

18 

4  4 

5 

58 

DL-.^siiaragine  (2) 

3.51 

3.48 

07 

112 

34 

80 

19 

55 

(ilutamine 

3 . 55 

3.27 

.5t» 

118 

24 

83 

tl 

20 

Methionine 

3.48 

3.23 

47 

04 

14 

42 

7 

29 

DL-< trnithine  HCL  (2) 

3 . 40 

3.08 

51 

98 

20 

81 

14 

08 

Di,-Lv.sine  HCI, 

3.32 

2.98 

38 

88 

9 

05 

4 

45 

(ilutamic  acid 

3.29 

3.49 

42 

112 

15 

59 

0 

20 

Hvdroxv-i.-l’roline 

3.25 

3.31 

40 

81 

12 

57 

8 

41 

Carnosine 

3 . 20 

3.54 

37 

81 

14 

74 

10 

55 

D-Histidine  HCL 

3.12 

3.09 

18 

75 

4 

55 

3 

31 

Serine 

3.09 

3.38 

43 

89 

21 

4  4 

18 

39 

DL-Phcnvlalanine 

3.00 

2.83 

4  4 

83 

30 

00 

11 

42 

(ilvcine  (l(t) 

3.02 

3.(K) 

.50 

97 

17 

79 

8 

70 

i.-Histidine 

3.02 

2.94 

21 

81 

4 

05 

3 

49 

a’-.\mino-n-hutvric  acid  (2) 

3.(M) 

2.80 

i\7 

75 

30 

02 

17 

55 

DL-Sarcosine 

2.90 

2.75 

04 

102 

28 

87 

20 

75 

Citrulline  (21 

2.77 

2.01 

(>7 

99 

31 

83 

15 

74 

Ethionine 

2 . 70 

2., 53 

49 

5(> 

15 

20 

7 

28 

Betaine  (2) 

2.05 

2.44 

73 

ItM) 

30 

92 

21 

81 

.\cetamide 

2.04 

2., 58 

03 

103 

35 

84 

20 

78 

Ethvlenediamine 

2.03 

2.90 

29 

32 

10 

19 

8 

15 

I’urine 

2.00 

2.07 

45 

73 

21 

49 

14 

38 

Urethane 

2., 58 

2 . 45 

102 

31 

88 

15 

77 

Urea  (4) 

2.57 

2.55 

07 

100 

35 

87 

21 

82 

Thiourea 

2., 57 

2.51 

54 

4  4 

31 

48 

20 

14 

L-.\rginine  HCI 

2, 52 

2 . 40 

31 

83 

21 

74 

18 

09 

L-Phenvlalanine 

2.39 

2.28 

58 

94 

23 

75 

5 

01 

L-Tryptophan  (3) 

1 .99 

1  .90 

44 

40 

40 

35 

20 

i5 

*  See  text  for  comiilete  explanation. 

t  Number  of  experiments  shown  in  parentheses  when  more  than  one. 


gories.  Those  failing  in  either  aspect  of  starting  metaliolic  rate  or  mti  n- 
tenance  were  labeled  inactive.  Of  the  active  compounds,  three  w  re 
selected  as  being  outstanding  on  the  basis  of  both  starting  Qo,  and  tl  v- 
roxine  effect,  The,se  were  DL-alanine,  L-proline  and  N-acetyl-DL-alanii  e. 
Special  comments  about  each  of  these  can  be  made. 
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Most  Active  Amino  Acids.  More  experiments  have  been  run  with  dl- 
a?  mine  than  any  other  amino  acid.  The  DL-form  was  employed  as  being 
tl  3  most  readily  available.  Effects  in  the  pre.sence  of  thyroxine  have  oc- 
c  donally  been  as  high  as  130%  of  the  starting  value  at  24  hours,  with 
1  :)%  and  9.5%  at  48  and  72  hours,  respectively.  As  the  data  in  Table  1 


.002  .005  OI  02  05  .1  .2 


Final  Cone,  of  OL-Alonine  in  Moles 

Fio.  2.  Effects  of  increasing  concentrations  of  OL-alanine  added  to  Krc'hs’ 
Ringer-glucose  on  initial  oxygen  consumption  of  kidney  slices. 

iadicate,  the  average  results  have  not  been  this  good.  Variabilities  in 
thyroxine  preparations  are  believed  to  be  responsible  for  some  of  the  differ¬ 
ences,  since  u.se  of  a  more  highly  purified  thyroxine,  judged  chromato- 
g.aphically,  recently  has  shown  a  return  towards  the  earlier  findings, 
e  pecially  with  regard  to  72  hour  maintenance.  Studies  are  continuing  in 
a  i  attempt  to  delineate  more  clearly  the  cau.ses  for  the  decrea.se  at  72 
hours. 

Figure  2  shows  that  increasing  the  concentration  of  DL-alanine  in  the 
n  odium  increased  the  starting  oxygen  consumption  to  a  plateau  at  0.02 
t(  0.05M,  beyond  which  levels  the  Qoj  fell  off.  When  the  effect  of  varying 
a  mine  concentrations  was  studied  on  long-term  incubation  (Fig.  3)  0.01 
t<  Q.05M  were  found  to  be  essentially  plateaued,  with  0,02M  slightly 
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Final  Cone,  of  DL-Alonine  in  Mole* 

Fig.  3.  Effects  of  incrcasiiiK  eoncentratioiis  of  oL-alaninc  on  o.xyKcn  consumption 
of  kidney  slices  incubated  in  Krebs’  Ringer-alanine-glucose  for  1,  2,  and  3  days,  as  indi- 
cated  by  the  numerals  shown  at  the  top  of  each  appropriate  bar.  Thyroxine  concentra¬ 
tion  (“T”)  was  10 /ig.  ml.  See  text  for  complete  description  of  conditions  of  incubation. 


FInol  Cone,  of  L-Thyroxin*  in  pgm  ptr  Ml 

Fig.  4.  Effects  of  increasing  concentrations  of  L-thyroxine  on  oxygen  consumption  4 
kidney  slices.  Incubation  was  carried  out  in  Krebs’  Ringer  solution  with  oL-alani  e 
0.02.1/,  glucose  200  mg.%,  for  1,  2  and  3  flays,  as  indicated  by  the  numerals  shown  t 
the  top  of  the  appropriate  bars. 
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SI  )erior  to  either  of  the  others.  This  was  the  actual  basis  for  the  selection 
of  0.02.1/  as  the  testing  level  for  all  amino  acids.  Optimal  thyroxine  con- 
c(  itrations  were  also  determined  with  alanine  present,  as  shown  in  Figure 
4  Xo  effect  was  seen  until  1  mS-.  mb  "as  reached.  An  increase  to  o  and  10 
jui  /ml  resulted  in  improved  effects,  especially  at  48  and  72  hours.  Con- 


%  Initial  Qq,' 


Ringer-Glucose 


Days  of  Incubation 

Fig.  5.  Effects  of  the  optical  isomers  of  alanine  on  oxygon  eonsnmi)tion  of  kidney 
.slices  incubated  in  Krebs’  Ringer-alanine  glucose  solution.  Each  isomer  was  present  at  a 
final  concentration  of  0.01.17.  The  racemic  mi.xture  indicated  as  “n-l-L-alanine”  was 
made  by  mixing  equal  volumes  of  0.02.1/  solutions  of  each  isomer.  Oxygen  uptake  was 
iiK'asured  at  37°  C  initially  and  after  1,  2  and  3  days  of  incubation  at  .5°  C.  Thyroxine 
concentration  (“T”)  was  lO/ig./ml. 


ocntrations  beyond  this  level,  50  and  100  /xg.  ml.,  gave  less  marked  results 
but  still  were  better  than  the  blanks. 

In  further  analyzing  the  role  of  oL-alanine,  the  enantiomorphs  were  tried 
separately,  as  shown  in  Figure  5.  As  would  be  expected  from  the  high  ac¬ 
tivity  of  D-amino  acid  oxida.se  pre.sent  in  kidney  tissue  (2),  the  initial  Qoj 
vith  D-alanine  was  55%  higher  than  that  with  the  L-form.  When  the 
ncemic  mixture,  either  as  obtained  or  as  made  from  the  optically  active 
f  irms,  was  u.sed  at  0.02iV/,  the  starting  Qoj  was  the  same  as  with  0.01.4/ 
I  -alanine.  Maintenance  of  metabolism  during  prolonged  incul)ation  with 
t  lyroxine  was  also  practically  the  .same  for  these  three  solutions  at  the 
<  uicent rations  mentioned.  Since  0.01.4/  L-alanine  was  equivalent  to  the 
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Ringer  glucose  at  all  times,  it  may  be  concluded  that  the  activity  »f 
DL-alanine  is  entirely  due  to  the  n-isomer  and  furthermore  that  t‘e 
L-isomer  does  not  interfere.  This  last  point  is  important,  since  most  of  o  r 
experiments  with  alanine  have  employed  the  more  readily  available  i 
form. 

Since  X-acetyl-DL-alanine  was  practically  as  good  as  the  non-acet;  1- 
ated  material,  deacetylation  may  have  taken  place  prior  to  any  furth  r 
action,  although  it  is  conceivable  that  direct  deamination  of  the  N-acetyl- 
ated  amino  group  occurred.  Chromatography  of  the  incubation  mediuni 
failed  to  reveal  any  free  alanine  present  after  the  three-day  incubation, 
but  that  absence  may  .simply  indicate  that  deacetylation  is  the  rate-limit¬ 
ing  activity.  Any  free  alanine  formed  would  then  be  altered  in.stantly. 

L-Proline  has  given  more  con.sistent  results  after  72  hours  of  incubation 
than  DL-alanine  and  has  aroused  our  interest  for  .several  rea.sons.  It  is  a 
cyclic  imino  acid  instead  of  an  amino,  the  L-form  is  very  active,  and  its 
metabolism  is  known  to  yield  glutamic  acid  (3,4),  which  has  proven  in¬ 
active  in  this  study.  Production  of  h3’droxyproline  probably  is  not  in¬ 
volved  since  it,  too,  is  inactiv'e.  Although  chromatography  of  our  in¬ 
cubated  kidney'  slices  has  shown  the  pre.sence  of  glutamic  acid,  no  hydroxy- 
proline  has  been  found.  Further  inquiry  into  the  specific  role  of  proline  is 
limited  by’  the  lack  of  availability  of  the  D-form,  but  DL-proline  did  not 
support  a  thyroxine  effect  as  well  as  did  L-proline. 

Intermediate  Amino  Acids.  Like  the  most  active  compounds,  the.se  also 
compri.se  a  mixed  group,  including  three  0-  and  one  7-amino  acids,  an 
hydroxy-amino  acid  and  an  aminoethylsulfuric  acid.  Again,  it  is  difficult 
to  find  any'  reaction  product  or  metabolic  process  which  could  be  common 
to  such  an  heterogeneous  group.  This  may  be  further  support  for  the  con¬ 
cept  that  .several  reactions  are  involved  in  the  thyroxine  ''activation.” 

Inactive  Amino  Acids.  Among  the  compounds  placed  in  this  category  are 
.several  supporting  oxygen  con.sumption  at  a  far  greater  rate  than  the  Ring¬ 
er-glucose  alone,  but  which  fell  off  rapidly’.  It  is  realized  that  our  classi¬ 
fication  may’  be  so  arbitrary’  as  to  rule  out  many’  interesting  contributions, 
especially’  the  ones  with  intial  Q<),’s  of  4.0  and  above.  Since  the  primary 
concern  has  been  over  the  thyroxine  effect,  .such  a  selection  is  believed 
justifiable.  Nonetheless,  brief  attention  may’  be  directed  towards  noi- 
leucine,  aspartic  acid,  norvaline  and  i.soleucine. 

Special  mention  should  be  made  of  tryptophan,  since  it  was  unique  in 
not  permitting  any  thyroxine  effect  until  the  third  day  and  even  then  onl  ’ 
a  small  difference  between  blank  and  thy  roxine  appeared.  In  pursuit  ( f 
this  phenomenon,  it  has  been  found  that  d-  or  L-tryptophan  blocks  thy  rox- 
ine  action  in  the  presence  of  either  alanine  or  proline.  In  fact,  when  hot'- 
L-tryptophan  and  alanine  were  present  in  equimolar  amounts,  thyroxin  • 
cau.sed  a  slight  depression  in  oxy  gen  consumption  below  the  control  value- 
Further  study  of  this  is  being  made. 
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GENERAL  DISCUSSION 

vinino  acids  are  known  to  undergo  a  variety  of  reactions,  including  pep¬ 
tic!  *  bond  synthesis,  deamination  and  transamination.  Our  analysis  of  the 
an  no  acid  contribution  to  thyroxine  maintenance  of  kidney  metabolism 
ha  not  yet  progressed  to  the  point  that  we  can  even  decide  the  energetics 
in  olved,  but  a  few  comments  can  be  made.  Preliminary  experiments  indi¬ 
cate  that  there  is  no  incorporation  of  C'Magged  alanine  in  the  protein  of 
tin  incubated  tissue.  Extensive  chromatographic  study  has  revealed  no 
CO  sistent  formation  of  an  iodine-containing  complex  such  as  a  peptide  of 
th  roxine  or  one  of  its  derivatives.  The  possibility  is,  therefore,  remote  that 
a  synthetic  reaction  is  the  key. 

An  the  other  hand,  both  ammonia  production  and  a  pH  rise  have  been 
ein  ountered  during  incubation.  It  is  strongly  suspected  that  the  combined 
toxicities  of  increasing  pH  and  the  ammonium  ion  itself  are  important  fac¬ 
tors  in  decrea.sing  the  metabolic  activity  of  the  ti.s.sue.  Studies  are  continu¬ 
ing  to  determine  the  importance  of  decarboxylation  of  pyruvate  resulting 
from  alanine  deamination  and  metabolism  of  the  resulting  two-carbon 
residue.  Even  less  exploration  has  been  carried  out  with  the  proline. 

rhe  well-established  presence  of  highly  active  D-amino  acid  deaminases 
in  kidney  tissue  undoubtedly  explains  the  great  activity  in  our  system  of 
D-alanine.  We  have  not  yet  evaluated  D-proline,  but  it  is  known  that  the 
L-form  of  this  heterocyclic  imino  acid  can  be  opened  to  yield  glutamic 
acid.  If  this  occurs,  there  must  be  a  special  reactivity  of  the  “glutamate” 
formed,  in  contrast  to  that  added  to  the  incubation  medium  as  preformed 
glutamate. 

It  should  be  pointed  out  that  many  of  the  amino  acids  on  the  “Inter- 
nunliate”  and  “Inactive”  lists  undergo  active  deamination,  tran.samination 
and  peptide  bond  reactions.  There  is  no  indication  at  present  as  to  the 
spc'cific  reactions  distingui.shing  alanine  and  proline  from  the  re.st.  That 
small  amount  of  activity  which  some  of  these  do  show  may  result  from  the 
production  of  alanine  or  of  some  common  metabolic  product,  but  at  a  lower 
concentration  than  the  added  0.02M.  It  may  be  noted  that  neither  of  the 
two  is  an  “essential”  amino  acid,  a  fact  which  implies  a  considerable  degree 
of  interconvertibility  with  other  amino  acids. 
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ABSTRACT 

The  persistence  of  luteotropin  (LTH)  secretion  in  pituitary  grafts  was 
studied  in  47  rats.  In  14  the  pars  distalis  was  autografted  to  the  anterior  cham¬ 
ber  of  the  e^’e  on  the  day  of  estrus.  In  the  9  animals  in  which  the  graft  “took.” 
secretion  of  LTH  was  demonstrated. 

When  the  pars  distalis  was  autografted  to  the  kidney  on  various  days  of  the 
cycle  (2  animals  on  the  day  of  estrus,  7  on  the  second  day  of  diestrus,  9  on  the 
third  day  of  diestrus  and  15  in  proestrus),  secretion  of  LTH  was  found  in  all 
cases.  This  was  not  at  fir.st  recognizable  in  the  last  group,  for  luteolysis  occurs 
during  proestrus  and  the  corpora  lutea  had  lost  their  capacity  to  respond. 

Once  new  corpora  lutea  were  produced  by  gonadotropin  injection,  LTH  secre¬ 
tion  was  demonstrable. 

In  all  cases  LTH  secretion  was  indirectly  measured  through  the  ability  of 
uteri  to  respond  to  trauma  with  a  decidual  reaction.  Despite  the  fact  that  no 
estrogen  secretion  was  evident  in  the  engrafted  rats,  uteri  retained  a  reactivity 
to  trauma  for  as  long  as  42  days. 

It  is  concluded  that  luteotropin  is  secreted  by  pituitary  grafts  regardless  of 
the  time  of  the  cycle  when  the  pituitary-  is  transplanted  or  of  the  site  in  which 
it  is  placed. 

Adenohypophysial  grafts  in  sites  remote  from  the  hypothalamus 
^  have  repeatedly  failed  to  maintain  gonadal  function.  Thus,  complete 
gonadal  atrophy  has  consistently  been  reported  in  rats  bearing  pars  distalis 
grafts  in  the  anterior  chamber  of  the  eye  (1,  2,  3,  4,  5,  6).  At  the  present 
time  it  is  generally  believed  that  FSH  and  LH  secretions  are  indeed  inter¬ 
rupted  when  the  pituitary  gland  is  placed  away  from  the  hypophysial 
portal  ve.ssels.  On  the  other  hand,  it  has  been  demonstrated  that  the  gland 
is  able  to  .secrete  luteotropin  (LTH)  under  .such  conditions.  De.sclin  (7) 
believed  that  this  was  possible  only  if  a  large  quantity  of  estrogen  (Stil- 
bestrol)  was  administered  to  the  experimental  animal.  Estrogen,  lie 
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tl.  'Ught,  directly  stimulates  the  graft  to  secrete  luteotropin.  However, 

E  erett  later  demonstrated  conclusively  in  both  short-term  and  long-term 
e>  »eriments  (8,  9)  that  LTH  is  secreted  by  adenohypophysial  transplants 
pi  ced  in  the  kidney  without  any  attendant  special  stimulation.  Recently 
D  sclin  (10)  confirmed  this.  Both  he  and  Everett  confined  their  trans- 
pl  .tat ion  operations  to  the  day  after  ovulation  as  standard  procedure. 

The  present  experiments  were  conducted  to  answer  two  primary  ques- 
tii  ns:  whether  pituitary  grafts  in  the  anterior  chamber  of  the  eye  are  as 
Ci  )able  of  LTH  secretion  as  grafts  in  the  kidnej';  and,  whether  the  time  of 
tl.'  cycle  at  which  the  hypophysis  is  transplanted  influences  the  .subse- 
qi  ent  secretory  capacity  of  the  gland.  As  the  experiments  proceeded 
sc  'eral  secondary  questions  arose.  For  how  long  after  pituitary  trans- 
pl  intation  can  the  uterus  respond  with  the  decidual  reaction  to  trauma? 
This  reactivity  had  been  observed  (8)  during  only  the  8-day  periods  of 
the  .short-term  transplantation  series.  Can  .such  tests  be  repeated  from 
time  to  time?  In  normal  pseudopregnant  rats  (11,  12)  the  decidual  reac¬ 
tion  fails  when  the  uterus  is  traumatized  after  day  7.  In  the  circumstance 
of  no  decidual  reaction  and  the  corresponding  lack  of  corpus  luteum  func¬ 
tion,  would  luteotropin  secretion  neverthele.ss  be  demonstrable  after  the 
artificial  induction  of  new  corpora  lutea? 

MATERIALS  AND  METHODS 

The  experimental,  animals  were  47  adult  female  rats  from  our  inbred  Vanderbilt 
(Osborne-Mendel)  strain,  4  to  7  months  old  at  the  beginning  of  the  experiments.  The 
animals  at  that  time  weighed  between  180  and  250  gm.  They  were  kept  in  an  air-condi¬ 
tioned  room  that  usually  ranged  from  75°-80°  F.  The  lights  were  controlled  by  a  time 
switch  so  that  they  were  "on”  for  14  hours  and  "off”  for  the  next  10  hours.  When  the 
hour  of  the  operation  is  stated,  it  is  always  given  in  "colony  time,”  reckoned  from  "mid¬ 
night”  as  5  hours  after  the  lights  are  turned  off.  The  basic  diet  consisted  of  Purina  dog 
chow  and  water  ad  libitum.  After  they  were  operated  on,  the  animals  received  a  supple¬ 
ment  of  milk  3  times  a  week  and  brewers’  yeast  once  a  week.  Five  per  cent  dextrose  was 
ad<led  to  the  drinking  water. 

Vaginal  smear  history  was  recorded  at  least  2  weeks  pre-operatively  and  throughout 
tlie  post-operative  period,  six  days  each  week.  The  prediction  of  the  length  and  various 
stages  of  the  cycles  in  progress  at  the  time  of  operation  was  based  on  the  preoperative 
hi-^tory.  Following  the  transplantations,  the  smears  remained  of  the  diestrus  type,  ex¬ 
cept  for  transient  estrogenic  responses  to  the  FSH-LH  injections  in  Series  II-B-1  (see 
below). 

In  the  group  of  14  animals  in  which  the  anterior  chamber  of  the  eye  was  the  chosen 
site  for  the  pituitary  graft  (Series  1)  the  auto-transplantation  of  the  gland  was  always 
p'  rformed  on  the  day  of  estrus.  The  animals  in  w  hich  the  gland  was  transplanted  to  the 
k'dney  at  different  stages  of  the  C3'cfe  (Series  II)  were  distributed  into  3  different  groups. 
I  hus,  Series  II-.\  consists  of  2  animals  operated  on  during  the  daj'  of  estrus  and  7  ani- 
n  ds  during  the  second  day  of  diestrus.  Series  II-B-1  compri.ses  15  animals  operated  on 
d  :ring  the  day  of  proestrus  of  a  4-da>’  cj’cle.  Series  II-B-2  consists  of  9  animals  in  which 
ti  c  transplantation  was  performed  on  the  third  day  of  diestrus  in  a  cj’cle  of  .5-day  dura- 
t  on.  A  prerequisite  for  any  animal  to  be  used  in  either  part  of  Series  II-B  was  that  at 
1*  ist  2  vaginal  cj’cles  in  sequence  precedinjg  the  operation  had  to  be  of  uniform  length. 
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The  techniques  of  hypophyseetoniy  and  transplantation  of  the  hypophysis  into  lie 
kidney  were  exactly  as  described  hy  Everett  (S,  9).  When  the  pituitary  was  to  be  tr;  is- 
jilanted  to  the  antf'rior  ehainber  of  the  eye,  one«‘  hypophyseetoniy  had  been  aeci  in- 
plished,  a  small  slit  was  made  with  a  fine  knife  near  the  selero-eorneal  junetion  and  he 
pituitary  was  introdueed  through  the  slit.  Bi'eause  of  the  restricted  operating  area,  he 
gland  was  manipulated  considerably  more  during  transplantation  to  the  eye  than  dui  .ii); 
transplantation  under  the  kidney  capsule. 

Luteotropin  secretion  was  tested  indirectly  by  its  effect  on  progesterone  secretioii  by 
the  corpus  luteum,  as  made  evident  by  the  deciduoma  reaction  to  uterine  trauma  In 
most  animals,  this  test  was  jierformed  on  2  occasions.  First  the  right  uterus  was  trauma¬ 
tized  at  5  to  14  days  following  the  transplantation,  and  the  left  one  at  17  to  70  days. 
'I'he  standard  ])rocedure  was  to  tie  2  loops  of  silk  thread  through  the  antimesometi  ial 
border  of  the  uterus.  Four  days  later,  the  degree  of  decidual  reaction  was  evaluated  on  a 
scale  of  4  by  the  amount  of  swelling  that  had  occurred  around  the  loops.  In  cases  of  min¬ 
imal  or  moderate  reaction  histological  proof  was  demande<l. 

In  Series  II-B-1,  after  no  decidual  reaction  was  obtained  in  the  first  test,  new  corjKtra 
lutea  were  artificially  induced  by  injections  of  FSH  and  LH.  The  FSH  injections  were 
Ix'gun  23  to  67  days  after  j)ituitary  transplantation.  Depending  on  the  hormone  iirepma- 
tion  used,  1  to  5  mg.  was  injected  subcutaneomsly  twice  daily  during  a  period  of  3  days. 
This  was  followed  the  fourth  day  by  an  injection  of  LH.’ 

.\t  the  tmd  of  each  experiment  each  animal  was  killed  with  an  overd<»se  of  Xembutal. 
'I'ln*  reproductive  tract  and  the  pituitary  grafts  were  examined  in  situ  before  removal. 
.\11  pituitary  grafts  to  the  eye,  numerous  i)ituitary  grafts  to  the  kidney,  most  ovaries  and 
some  uteri  with  (piestionable  deeidual  reactions  were  fixed  in  Bouin’s  fixative. 

The  pituitary  caj)sulcs,  in  all  cases,  were  searched  very  carefully  with  a  dis.sectlng 
microscope  (X7).  In  the  majority  of  animals  this  region  was  studied  histologically  in 
serial  sections.  For  this  purpose,  the  cranial  floor  was  fixed  in  either  Bouin’s  solution 
for  5  to  6  weeks  or  Heidenhain’s  SES.V  overnight.  Decalcification  was  accomplished  in 
the  former  instance  by  the  prolonged  action  of  the  fixing  agent  and  in  the  latter  by  iin- 
mtusion  in  5%  trichloroacetic  acid  for  4S  to  72  hours. 

.Vll  tissues  intended  for  histological  examination  were  imbedded  in  paraffin,  .serially 
sectioned,  and  stainefl  with  a  modific'd  Mallory  trichrome  technique. 

When  the  sections  of  pituitary  capsules  were  examined  it  was  found  that  in  most 
cases  no  pars  distalis  remnants  were  present.  When  any  glandular  residue  remained  it 
was  always  very  small,  compose<l  of  clusters  of  only  a  few  cells  which  appeared  undif¬ 
ferentiated.  In  the  nature  of  the  present  experiments  such  residues  would  be  of  no  conse¬ 
quence  to  the  end  result. 


RESULTS 

DECIDUAL  RESPONSE  TO  UTERINE  TRAUMA.  SERIES  f. 
Pituitary  autografts  to  the  anterior  chamber  of  the  eye.  A.  Animals  unthfunc- 
tional  grafts.  The  deciduoma  test  was  performed  on  two  occasions  in  all  9 
animals  of  this  series,  5  to  13  days  and  31  to  70  days,  respectively,  after 
transplantation.  A  positive  response  to  the  first  trauma  would  demonstrate 
the  presence  of  LTH  .secretion,  and  the  response  to  the  second  traun  a 

’  For  various  FSH  and  LH  preparations  we  are  indebted  to  Dr.  W.  H.  MeShan  of  t  c 
Department  of  Zoology,  Univ'ersity  of  Wisconsin,  to  Dr.  J.  Green,  Department  'f 
Anatomy,  University  of  Xorth  Carolina,  and  to  Dr.  Irby  Bunding  of  the  Armour  Lab  - 
ratories. 
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\  oulcl  show  tliat  the  transplant  is  capable  of  a  prolonged  secretion  of  that 
1  ormone.  The  first  trauma  was  followed  in  all  animals  by  a  maximal 
(  ecidual  reaction  (Table  1-A).  After  the  second  trauma,  however,  the  re- 
^  ilts  were  less  uniform.  Two  animals  responded  maximally,  8  moderately 
;  11(1  4  not  at  all.  This  indicates  that  although  eye  grafts  are  capable  of 
( liginally  secreting  adetpiate  amounts  of  LTH,  some  appear  to  deteriorate 
^  ith  time  and  to  fail  to  .secrete  enough  of  this  hormone  to  continue  corpus 
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luteum  function.  B.  Animalti  with  non -functional  (/rafts.  In  each  of  o  ani¬ 
mals  one  traumatization  was  performed  5  to  13  days  after  transplatation 
and  none  of  the  uteri  responded  with  a  decidual  reaction  (Table  1-B). 

SERIES  II.  Pituitary  autografts  to  the  kidney  capsule  on  various  days  of 
the  estrus  cycle.  A.  Transplantation  on  the  day  of  estrus  or  second  day  of 
diestrus.  Two  of  the  9  animals  in  this  group  were  .subjected  to  transplanta¬ 
tion  on  the  day  of  estrus  (stage  III)  and  the  other  7  on  the  second  day  of 
diestru.s  (stage  V2).  Maximal  decidual  responses  were  elicited  in  either  ca.se. 
Therefore,  all  9  were  grouped  together  and  there  was  no  need  to  increase 
(he  number  of  animals  in  the  estrus  group  it.self.  In  the  majority  of  animals 
the  uterine  trauma  was  performed  on  two  occa.sions,  3  to  14  days  and  17 
to  37  days,  respectively,  after  the  pituitary  was  transplanted.  The  decid¬ 
ual  reponse  was  pronounced  and  approximately  ecpiivalent  on  both  occa- 
"ions,  as  .shown  in  Table  2.  Thus  the.se  kidney  grafts  adequately  .secreted 
liTH  throughout  the  length  of  the  experiment.  B.  Transplantation  during 
oroestrus  or  late  diestrus.  This  group  can  be  divided  into  two  subgroups,  in 
both  of  which  the  actual  time  in  days  between  the  last  ovulation  and  tran.s- 
plantation  was  identical,  but  which  differed  as  follows:  Series  II-B-1  con- 
d.sts  of  animals  with  a  history  of  4-day  cycles.  Their  anterior  pituitaries 
vere  transplanted  on  the  day  of  proestrus.  Series  II-B-2  was  restricted  to 
uiimals  with  cycles  of  o-day  duration.  Here  the  pituitary  was  transplanted 
)n  the  third  day  of  diestrus.  The  re.spective  results  are  the  following:  Series 
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Table  2.  Pitiitary  ai  tograkts  to  the  kidxev  capsi  le.  Traxsplaxtatiox  ox 

THE  DAY  OF  ESTRI  S  OR  SECOXD  DAY  OF  DIESTRI  S  (SERIES  II-A) 


Animal 

No. 

Stage  of 
cycle 

Days,  operation 
to  1st  trauma 

Decidual 

response 

Days,  operation 
to  2nd  trauma 

Decidual 

response 

1 

III 

8 

22 

2 

III 

13 

.37 

ii 

V. 

13 

37 

-h-l- 

4 

Vi 

3 

17 

-(--b-f-l- 

.5 

V. 

3 

17 

(') 

V. 

11 

+  +  -l- 

3.5 

7 

v» 

1 1 

+  +  -1-  + 

3.5 

-1--1-  + 

8 

^  I 

(> 

+  +  + 

— 

— 

•» 

Vi 

i 

+  +  -1-  -1- 

— 

— 

II-B-1. 

In  the  15 

animals  in  this 

group,  the  operations  for  removal  of 

adenohypophysis  and  its  sul)sequent  grafting  to  the  kidney  capsule  were 
liegun  between  8:30  A.M.  and  1:45  P.M.  All  were  completed  before  the 
expected  occurrence  of  Lll  release  (13).  Four  to  21  days  following  this 
operation  the  right  uteri  of  all  animals  were  traumatized.  Deciduomata 
failed  to  occur  in  12  of  the  15  animals.  To  test  the  possibility  that  the  grafts 
were  nevertheless  secreting  LTH,  new  corpora  lutea  were  artificially  in¬ 
duced  by  injections  of  FSH  and  LH.  There  were  8  acceptable  experiments 
in  which  the  injections  induced  new  corpora  lutea.  In  every  one  of  these 
there  was  a  moderate-to-maximal  decidual  response  to  the  .second  trauma, 
as  shown  in  Table  3,  Nos.  5  to  12,  inch  Therefore,  it  is  clear  that  the  failures  at 
the  time  of  the  first  test  were  the  re.sult  of  deficient  luteal  ti.ssue  and  not  of 
deficiency  of  LTH  secretion.  Corpora  lutea  pre.sent  at  the  time  of  pituitary 
tran.splantation  thus  must  have  lost  or  have  been  in  the  proce.ss  of  lo.sing 
their  reactivity. 

Series  II-B-2  gave  results  that  were  in  sharp  contrast  to  this  (Table  4). 

Table  a.  Pituitary  traxsplaxtatiox  to  the  kidxey  capsule  ox  the  day  of 
PROESTRUS  (Series 


Animal  Days,  operation  Decidual  Days,  operation  Decidual 

Xo.  to  1st  trauma  response  to  2nd  trauma*  response 


1 

4 

0 

— 

— 

2 

4 

0 

:1 

I 

0 

41 

0 

4 

r> 

1) 

.54 

0 

.5 

('• 

0 

4(1 

+  to+4* 

Cl 

12 

0 

.58 

1 

21 

(1 

37 

8 

21 

0 

48 

-f  +  il'  +  +  + 

•) 

10 

0 

4r. 

+  + 

1(1 

1.5 

0 

37 

4-4-4- 

lit 

.5 

0 

40 

4-+  &  -h-h-H 

12t 

13 

0 

20 

4-  4-  4-  4- 

13 

7 

H — h  4 — 1“ 

— 

— 

14 

lo 

+  -I-  & 

— 

— 

1.5 

15 

+  +  A  4-  -(-  -1- 

— 

— 

•Shortly  before  2nd  trauma  Xos.  3  through  12  were  subjected  to  FSH-LH  injections  t< 
form  new  corpora  lutea. 

t  Right  ovary  was  removed  4  days  after  right  uterus  was  traumatized. 
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hese  9  rats,  in  which  pituitary  transplantation  was  carried  out  on  the 
t  lird  day  of  diestrus  during  5-day  cycles,  produced  strong  decidual  re- 
)onses  to  the  initial  uterine  trauma.  Therefore,  their  corpora  lutea  re- 
1  ained  responsive  to  LTH,  although  they  were  of  identical  age  to  those  in 
1  -B-1  at  the  time  of  the  transplantation  operation. 

OVARIES.  The  ovarian  histology  which  one  finds  in  rats  after  the 
j  ituitary  has  been  transplanted  to  the  kidney  capsule  during  e.strus  is  so 
\  aiform  that  it  can  serve  as  a  standard  with  which  ovaries  in  the  present 


Table  4.  Pitlitary  traxspi.axtatiox  to  the  kidney  c  ai’si  i.e  ox  the  third  day 
OK  iHESTRi  s  (Series  II-B-2) 


Animal  No. 

Days,  operation  to  1st 
trauma 

Di'cidnal  responsi; 

1 

(> 

+  +  + 

2 

5 

_j- 

a 

4 

+  -f  4-  + 

4 

10 

+  +  +  +  &  +  +  T 

5 

() 

+  T  + 

i) 

t) 

+  +  &  +  +  + 

7 

0 

4-  -h  +  + 

8 

5 

4-  4-  4-  4- 

9 

(» 

+  +  &  4-  +  + 

series  may  be  compared.  As  described  by  Everett  (9)  there  is  always  a  set  of 
large,  healthy  persistent  corpora  lutea,  which  represent  tho.se  that  were  cur¬ 
rent  at  the  time  of  the  transplantation.  They  are  identical  with  the  corpora 
lutea  of  a  normal  p.seudopregnant  rat  in  .size  (ca.  1.5  mm.  diam.),  gross 
appearance  and  histological  structure  (Fig.  1-A)  They  are  designated  CLi. 
Smaller  ones  which  are  thought  to  be  the  next  older  .set  are  also  pre.sent 
and  designated  CLu.  The  interstitial  tis.sue  and  follicular  apparatus  are 
uniformly  atrophic. 

This  standard  type  of  ovary  was  seen  in  all  animals  of  Series  I,  the  an¬ 
terior  eye-chamber  series,  at  times  when  positive  decidual  responses  were 
in  evidence  (Fig.  1-B).  With  the  failure  of  such  respon.ses  the  corpora  lutea 
were  found  to  be  in  poor  condition  or  were  absent. 

In  Series  II-A,  transplantation  to  the  kidney  during  e.strus  or  diestrus 
day  2,  the  ovaries  corresponded  to  the  .standard  in  every  case  (Figs.  1-C 
and  2-A).  On  the  other  hand,  in  Series  II-B  certain  differences  were  seen. 
The  most  extreme  were  in  Series  II-B-1,  proestrus  transplantation.  While 
esults  of  the  first  uterine  trauma  were  being  a.s.se.s.sed  it  was  noted  that 
ai  the  12  negative  cases,  although  corpora  lutea  were  present,  they  were 
’•elatively  small  (1.2  mm.  or  less).  Two  ovaries,  one  from  each  of  two 
animals,  were  removed  at  that  time  for  histological  study.  Their  corpora 
Uitea  (Fig.  1-E)  contained  parenchymal  cells  that  were  generally  reduced 
m  size,  and  there  was  a  conspicuous  increase  in  numbers  of  stroma  cells 


along  the  sinusoids  (Fig.  2-B).  As  noted  earlier,  these  corpora  liitea  wen 
not  sufficiently  active  to  sustain  deciduoma  reactions. 

In  Series  II-B-2,  transplantation  on  diestrus  day  3,  in  correlation  witl 
the  positive  deciduoma  tests,  there  were  corpora  lutea  which  more  closel; 


Fig.  1.  A.  Standard  appearance  of  ovary  from  an  animal  with  a  jiituitary  graft  in 
the  kidney  after  tran.splantation  during  estrus,  reproduced  from  Everett  (9,  Fig.  3- A). 
Tlie  iiresence  of  large  and  small  sets  of  corpora  lutea,  the  uniform  atrophy  of  the  inter¬ 
stitial  tissue  and  follicular  apjiaratus  are  the  general  features.  (Xlo). 

It.  Ovary  from  animal  with  a  pituitary  graft  in  the  eye.  Transplantation  during 
estrus.  Note  the  similarity  to  Figure  l-.\.  (Xlo). 

C'.  Ovary  from  animal  with  a  pituitary  graft  in  the  kidney.  Transplantation  on 
diestrus  day  2.  Note  the  similarity  to  Figures  1-A  and  1-B.  (Xlo). 

The  smaller  s«‘t  of  l•orpora  lutea  is  lacking  only  from  chance  in  the  .sections  selected  for 
B  and  C. 

D.  Ovary  from  a  rat  with  a  pituitary  graft  in  the  kidney.  Transplantation  on  diestrus 
day  3.  Note  that  the  corpora  lutea  are  smaller  than  in  the  jireceding  figures.  (X15). 

E.  Ovary  from  a  rat  with  a  pituitary  graft  in  the  kidney.  Transplantation  during 
proestrus.  Note  the  similarity  to  Figure  1-D.  (X15). 
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re^  nihled  the  standard  in  histological  appearance  (Fig.  2-C)  than  those 
ju'  described.  The  parenchymal  cells  were  more  uniformly  plump  and 
tlh  re  was  no  apprecial)le  increase  of  stroma  cells.  In  size,  however,  these 
CO  ;)ora  lutea  were  mostly  smaller  than  CLi  of  the  standard,  as  one  can 
re;  lily  note  in  Figure  l-I). 


Fig.  2.  .A.  Lutciil  cells  from  ovary  shown  in  Fij^nrc  l-(\  'I'ho  healthy  ajipearanee  and 
the  lai'Ke  size  of  these  cells  are  so  similar  to  those  of  the  standard  that  an  additional 
fifrure  of  the  lattin-  was  judsPil  unnecessary.  (X-tOO). 

R.  Luteal  cells  from  ovary  shown  in  Figure  1-Fi.  Note  the  reduced  size  of  paren¬ 
chymal  cells  and  the  great  increase  in  nundrers  of  stroma  cells.  (X400). 

C.  Luteal  cells  from  ovary  shown  in  Figure  1-1).  .Although  the  age  of  this  corpus 
luteum  was  about  the  same  at  the  time  of  transplantation  as  that  in  the  preceding  pic¬ 
ture,  the  parenchymal  cells  here  are  larger,  the  stroma  cells  are  not  increa.sed  in  number 
and  the  gimeral  appearance  is  very  similar  to  that  of  Figure  2-.\.  (X-lOO). 


PITUITARY  GRAFTS.  In  the  case  of  transplantation  to  the  kidney 
cipsule  the  “take”  of  grafts  was  100%,  no  failure  having  ever  been  en- 
c  luntered.  The  grafts  were  always  large  and  very  well  vascularized  with 
v  eil  opened  sinusoids,  regardless  of  the  duration  of  the  experiment.  They 
V  ere  always  composed  of  small,  relatively  undifferentiated  cells.  The  eye 
t  ansplants  had  a  similar  cellular  composition  but  their  general  aspect  was 
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not  as  uniform  as  that  of  kidney  grafts.  The  transplants  to  the  eye  tak  n 
from  animals  that  had  functional  corpora  lutea  throughout  the  experinu  it 
(Series  I-A)  were  of  moderate  size  and  vascularization,  but  in  neitl  r 
quality  were  they  equal  to  any  of  the  kidney  grafts.  Eye  grafts  from  a;  i- 
mals  that  had  functional  corpora  lutea  at  the  beginning  but  not  at  t  le 
end  of  the  experiment  (Series  I-A)  were  always  small  and  very  pooiiy 
vascularized.  In  animals  with  non-functional  grafts  (Series  I-B),  the  ey.'s 
bearing  the  grafts  were  examined  at  autopsy  with  a  dissecting  microsco])e 
and,  in  no  case,  could  any  appreciable  amount  of  glandular  tissue  be  fournl. 

DISCUSSION' 

This  work  demonstrates  once  more  that  in  the  rat  the  adenohypophy>is 
when  transplanted  to  a  site  distant  from  the  diencephalon  will  lose  its  ability 
to  secrete  FSH  and  LH  and  at  the  same  time  will  retain  or  increase  its  secre¬ 
tion  of  LTH.  The  site  of  transplantation  does  not  seem  to  influence  this 
outcome  unduly  in  qualitative  aspects.  It  is  now  apparent  that  grafts 
placed  in  the  anterior  chamber  of  the  eye  produce  LTH  in  amounts  suffi¬ 
cient  to  support  corpus  luteum  function.  This  effect  was  not  encountered  in 
the  work  of  earlier  investigators  simply  because  they  employed  hypophy- 
sectomized  rats  into  which  homotransplants  of  hypophyses  were  introduced 
at  a  later  date.  By  that  time  the  ovaries  unquestionably  lacked  corpora 
lutea  that  could  respond. 

Although  intraocular  transplants  of  pars  distalis  are  now  seen  to  be  ca¬ 
pable  of  secreting  LTH,  it  appears  that  the  kidney  offers  more  favorable 
conditions  for  a  graft  to  “take”  (sufficient  .space,  vascularization,  optimum 
temperature).  This  is  true  when  kidney  grafts  are  compared  not  only  to 
eye  grafts  but  also  to  grafts  in  the  fa.scia  of  the  neck  (8)  or  in  the  connective 
tissue  outside  the  kidney  capsule.  The  kidney  grafts  are  always  larger  and 
very  well  vascularized,  retaining  the  typical  .sinu.soids  found  in  the  gland 
in  situ,  well  injected  with  erythrocytes.  On  the  other  hand,  grafts  in  the 
eye  are  often  very  small,  their  vascularization  is  scanty  and  the  number  of 
erythrocytes  seen  in  the  sections,  few.  The  anterior  chamber  of  the  rat  eye 
at  best  offers  a  very  restricted  space,  which  may  largely  account  for  much 
of  the  difference.  In  addition,  one  should  recall  that  the  gland  was  manip¬ 
ulated  to  a  greater  extent  during  transplantation  to  the  eye  and  this  also 
may  have  contributed  to  the  observed  deficiency. 

The  .secretory  capacities  of  the  grafts  were  not  influenced  by  the  time  ( f 
the  cycle  when  the  pars  distalis  was  transplanted,  estrus,  diestrus  or  pn  - 
strus.  In  fact,  even  the  hypophyses  of  new-born  rats  have  proven  capabl  * 
of  secreting  LTH  when  tran.splanted  into  the  kidney  cap.sule  of  the  In- 
pophysectomized  mother  (unpublished).  Hence,  it  would  appear  that  th  > 
state  of  the  gland  v^hen  transplanted  does  not  determine  the  character  of  it 
later  activity\ 

Transplantation  of  the  pituitary  under  the  conditions  of  the  pre.sen 
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xperiments  does  not  induce  formation  of  new  corpora  liitea.  This  is  clearly 
lemonstrated  by  Series  II-B-1  in  which  the  operation  took  place  very  near 
he  normally  expected  time  of  LH  release  (13).  Although  at  that  time  the 
grafted  gland  must  hold  its  maximum  content  of  LH,  absorption  of  the 
lormone  from  the  transplant  can  be  presumed  to  be  too  slow  to  be  effec- 
ive. 

Information  about  the  functional  status  of  corpora  lutea  at  different 
tages  of  the  cycle  is  furnished  by  the  results  of  Series  II.  As  late  as  50  to 
i.O  hours  after  ovulation  the  corpora  lutea  retain  the  capacity  to  l)e  brought 
o  full  secretory  function.  They  have  proven  to  be  ecjually  responsive 
vhether  the  hypophysis  is  transplanted  during  estrus  or  the  second  day  of 
iliestrus  and  are  similar  in  every  feature  to  corpora  lutea  of  normal  pseudo¬ 
pregnancy.  Only  in  very  late  diestrus  does  responsiveness  of  the  corpora 
lutea  begin  to  wane,  as  indicated  by  the  fact  that  they  cannot  be  stimulated 
10  an  increase  in  size  comparable  to  that  in  the  preceding  groups.  The 
responsiveness  then  becomes  irretrievably  lost  during  proestrus,^  at  which 
lime  one  may  say  that  luteolysis  is  well  advanced.  This  statement  is  in 
accord  with  reports  that  patches  of  fatty  necrosis  appear  in  rat  corpora 
lutea  during  proestrus  (14,  15,  16,  17). 

Corpus  luteum  age  itself  is  certainly  not  responsible  for  luteolysis.  In  the 
first  place,  luteolysis  is  interrupted  or  prevented  by  the  transplantation  of 
the  hypophysis  (8,  9).  Furthermore,  in  the  two  parts  of  Series  II-B  (trans¬ 
plantations  during  proestrus  and  diestrus  day  3,  respectively)  the  corpora 
lutea  were  of  equivalent  age  at  operation,  yet  they  had  regressed  far  more 
in  the  former  instance.  One  must  conclude,  therefore,  that  luteolysis  re¬ 
flects  certain  hormonal  changes  specifically  associated  wdth  proestrus. 
Whatever  these  changes  may  be,  their  first  effect  appears  late  in  diestrus. 
\o  attempt  was  made  in  the  present  work  to  identify  the  substance(s) 
responsible  for  luteolysis.  Others  have  suggested  (18,  19)  that  the  combina- 
fion  of  FSH  and  LH  may  serve  in  this  manner. 

The  length  of  time  during  which  the  endometrium  retains  its  reactivity 
fo  trauma  was  unexpected  (42  days  in  this  experiment  and  as  long  as  74 
days  in  unpublished  cases).  In  fact,  Everett  (9)  purposely  avoided  the 
ileciduoma  test  in  long-term  experiments  because  it  seemed  unlikely  that 
ihe  uterus  would  respond  several  weeks  after  pituitary  transplantation. 
During  normal  pseudopregnancy  in  the  intact  rat,  the  reactivity  is  lost 
fter  the  seventh  day  (11,  12).  The  general  belief  has  been  that  only  when 
the  uterus  has  recently  been  stimulated  by  estrogen  can  progesterone  sup- 
)ort  a  decidual  reaction  (20,  21).  The  atrophic  state  of  the  follicular  ap- 
laratus,  interstitial  tissue  and  vaginal  epithelium  indicate,  however, 

*  The  three  exeejAional  animats  in  the  proestrus  transplantation  group  which  had 
'.inetional  corpora  lutea  are  assumed  to  have  been  not  in  true  proestrus,  in  spite  of  the 
aginal  smear  record.  This  can  be  expected  in  a  small  proportion  of  rats  in  this  colony 
t  any  given  time,  and  true  proestrus  will  be  found  on  the  following  day. 
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that  estrogen  secretion  is  essentially  absent  in  animals  with  pituitary  grafts. 

An  additional  finding  made  possible  by  the  special  characteristics  of  thes( 
experiments  is  that  the  existence  of  an  earlier  deciduoma,  or  .sev^eral  ot 
them,  will  not  preclude  an  equivalent  response  to  a  second  trauma.  Futher- 
more,  the  pituitary  engrafted  female  rat  is  a  potentially  valuable  prepara¬ 
tion  for  the  .study  of  ageing  of  a  deciduoma  under  relatively  constant  hor¬ 
monal  conditions.  Material  at  hand  is  inadequate  tor  this  and  allows  one 
to  say  only  that  deciduomata  do  regress  within  a  few  weeks. 
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SYXKRGISTK'  ACTIONS  OF  MKPROBAMATK  AND  AN 
anticholinp:rgi('  drug,  PATHILON,  on 
REPRODUC'TIVE  CYCLES  IN  THE  RAT 

AHSTRA(’T 

III  10  adult  female  albino  rats  the  combined  administration  of  meprobamate 
and  Patliilon,  an  anticlioliiier«;ic  drun,  each  in  a  dosage  not  greatly  effective 
by  itself  on  the  reproductive  cycle  in  other  similar  groups,  leads  to  an  aug¬ 
mentation  of  their  actions.  'I'lius  the  blocking  effectiveness  with  resjiect  to 
ovulation  was  75%  (significant  at  the  5%  level).  Furthermore,  in  S  of  10 
animals  the  subsequent  diestrus  was  prolonged;  7  of  them  were  pseudojiregnant. 

In  long-term  treatments  of  adult  female  rats  with  meprobamate  (Gitsch,  un|>ub- 
lislied)  a  prolongation  of  diestrus  took  place  in  a  small  percentage  of  animals.  At  the 
same  time  it  was  observed  that  certain  effects  of  noreiiinephrine  (1)  and  chlorpromazine 
(2,  3)  on  the  rejiroductive  cycle  are  increased  by  combination  with  meiirobamate.  The 
recent  finding  (4)  that  the  anticholinergic  drug  Patliilon  is  able  to  block  spontaneous 
ovulation  in  ailult  rats  similarly  to  atropine  (.5)  and  Banthine  (fi)  raised  the  question 
whether  meprobamate  might  possibly  increase  the  effectiveness  of  Patliilon  on  this 
and  other  aspects  of  the  cycle. 

MATKlil.\LS  .\ND  MKTHODS 

The  animals  used  were  36  female  adult  albino  rats,  belonging  to  an  inbred  line  of  the 
Oshorne-Mendel  strain.  They  weighed  180-220  gin.  and  showed  vaginal  cornification  at 
regular  4-day  intervals.  .\t  least  3  such  cycles  in  secpience  immediately  preceding  the  experi¬ 
mental  period  were  required  of  each  rat. 

The  two  drugs  and  their  special  characteristics  are  as  follows:  Firstly,  meprobamate 
(Miltown,  Lederle)  is  an  interneural  blocking  agent  used  for  tranquilizing  purposes.  The  solu¬ 
tion  for  injeetion  was  prepared  by  dissolving  U)0  mg.  powder'  in  one  cc.  jiliysiological  saline. 
Because  of  low  solubility  the  saline  was  warmed  (about  40-50°  C)  before  adding  powder. 
Secondly,  3-diethylamino- 1-cyclohexyl- 1-phenyl- 1-ethiodide  (Patliilon,  Lederle)  is  an  anti¬ 
cholinergic  drug,  more  potent  than  Banthine  and  with  a  wider  therapeutic  margin  of  safety. 
For  injection  25  mg.  of  the  powder*  was  dissolved  in  0.5  cc.  ])hysiological  saline. 

The  solutions  were  injected  subcutaneously  in  the  lumbar  region.  The  time  of  injection 
was  consistently  on  the  day  of  proestrus  between  1 :20  and  1 :30  p.m.,  about  half  an  hour 
before  the  beginning  of  the  “critical  period’’  (7).  The  experimental  rats  were  divided  into  3 
groups  of  It).  In  tlroup  I  each  rat  received  100  mg. /kg.  Miltown;  in  Group  II  each  rat  received 
25  mg. /kg.  Pathilon;  and  in  Group  III  each  rat  received  both  drugs  in  these  respective 
dosages.  .\  control  Group  C  of  6  rats  was  injected  with  physiological  saline  in  the  same  volume 
as  Group  III. 

.\11  animals  were  laparotomized  on  the  following  day  (estrus)  for  evidence  of  ovulation — • 
r)h<ervation  of  ruptured  follicles  in  ovaries  in  situ  under  the  dissecting  microscope  and 
presence  of  ova  in  the  excised  tubes  (4,  8).  The  abdominal  walls  were  repaired  and  the 
aiomals  were  kept  under  observation  for  an  extended  period.  Whenever  there  was  a  prolonga- 
tii  n  of  diestrus,  the  uterus  was  traumatized  on  the  fourth  diestrus  day  to  test  for  pseudo- 
pi  gnancy.  On  the  ninth  day  laparatomy  was  again  performed  to  look  for  deciduomata.  In 
ev  ry  second  animal  at  this  time  one  ovary  was  removed  for  histological  study.  The  routine 
st  ining  procedure  was  a  modified  Mallory  tri-acid  technique  (9). 

RE.SULTS  .\ND  DI.SCUS.SION' 

In  Group  I  (.Miltown),  in  8  of  the  10  rats  ovulation  occurred  at  the  normal  time. 
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In  6  of  them  the  following:  3  cycles  were  normal.  In  the  other  2  rats  there  was  sub.'  - 
quently  a  prolongation  of  diestrus  (14  days);  one  of  them  was  pseudopregnant.  In  o:  a 
rat  ovulation  was  blocked  (i.e.  postponed)  one  day  and  in  a  second  there  was  a  parti  1 
block  (only  4  tubal  ova).  The  following  3  cycles  were  normal. 

In  Group  II  (Pathilon),  in  7  of  10  rats  ovulation  occurred  at  the  normal  time  ai  .1 
the  three  following  cycles  were  normal.  In  2  rats  ovulation  was  blocked  (postpom- .) 
one  day;  in  one  of  them  there  followed  a  pseudopregnancy.  In  a  third  rat  a  parti  d 
blockade  (only  3  tubal  ova)  was  observed,  after  which  there  was  a  simple  prolongatii  n 
of  the  subsequent  diestrus  (12  days).  This  group  is  identical  with  the  first  group  in 
Series  I  described  by  Gitsch  and  Everett  (4). 

The  respective  capacities  of  the  two  drugs  for  blocking  are  thus  very  low  at  tlie 
dosages  used,  15%*  for  Miltown  and  25%*  for  Pathilon.  The  diestrus  following  ovulation 
was  prolonged  in  both  Groups  I  and  II  in  20%  of  the  cases  (Table  1). 

T.\ble  1 

Groups  and  treatments 


C 

I 

II 

III 

Saline 

Meproba¬ 

mate 

Pathilon 

Meproba¬ 
mate -|- 
Pathilon 

Percentage*  blockade  of  ovulation 

0 

15 

25 

75 

Percentage  prolongation  of  next  diestnisf 

0 

•20  (10) 

20  (10) 

80  (80) 

*  See  Footnote  2. 

t  Corresponding  percentages  of  pseudopregnancies  in  parentheses. 


In  Group  III  (Miltown  &  Pathilon)  all  10  animals  were  affected  in  some  way.  Ovula¬ 
tion  was  completely  blocked  in  7  rats.  In  4  of  them  the  ovulation  was  postponed  only 
one  day;  in  the  remaining  3  rats,  2  days.  Among  these  7  blocked  rats,  4  subsequently 
responded  with  a  pseudopregnancy,  1  with  a  simple  prolongation  of  diestrus  (14  days), 
and  2  with  normal  cycles  only.  One  other  animal  was  partially  blocked,  but  this  was 
followed  by  successive  pseudopregnancies.  In  the  2  remaining  animals  ovulation  was 
not  influenced,  but  both  prompt!}'  became  pseudopregnant.  In  conclusion,  ovulation 
was  blocked  in  75%  of  this  group,  a  figure  which  is  significant  at  the  5%  level  (10)  in 
terms  of  expected  frequency  of  spontaneous  delay  of  ovulation  (7).  Furthermore.  S 
of  the  10  rats  had  a  prolongation  of  following  diestrus,  in  which  case  7  rats  proved  to 
be  pseudopregnant  (Table  1).  Histologically,  in  the  pseudopregnant  animals  the  ovaries 
disclosed  nothing  different  from  what  one  could  expect  to  find  in  normal  pseudopreg- 
nancy.  The  corpora  lutea  were  large  and  well  developed. 

In  the  control  Group  C  injected  with  physiological  saline,  normal  ovulation  w  ts 
observed  and  the  subsequent  cycles  were  normal. 

Thus,  in  two  respects  the  two  drugs  augmented  each  other  in  their  effects  on  tlie 
reproductive  cycle.  The  frequencies  of  blocked  ovulation  and  of  effects  on  the  subseque  t 
diestrus  were  increased  in  comparison  with  the  corresponding  effects  of  either  dr  % 
separately.  The  results  are  comparable  with  those  produced  by  larger  amounts  of  Pat)  - 
Ion  alone  (4).  The  ability  to  block  ovulation  means  an  LH  depression.  Higher  dosages  f 
Pathilon  by  itself  have  depressive  effects  on  FSH  release  (4);  it  was  suggested  th  t 
such  depression  might  consequently  lead  to  an  increase  of  luteotropin.  In  the  prese  t 

’In  calculating  such  percentage,  a  case  of  partial  blockade  is  arbitrarily  given  i 
value  of  5%  and  one  of  total  blockade  receives  a  value  10%,  one  animal  equalling  10' 
of  the  total. 
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e  periments,  the  high  proportion  of  pseudopregnaneies  in  tlroup  III  suggests  a  similar 
a  tion. 
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RADIOIODINE  CONCENTR.VITON  AND  THYROID  WEIGHT 
IN  NORMAL,  OBESE  AND  DWARF  STRAINS  OF  .MICEi 

ABSTR.\CT 

Thyroid  activity  was  measured  in  Rockland  Swiss,  obese-hyperglycemic 
and  a  strain  of  mice  with  a  recessive  gene  for  dwarfism.  The  thyroid  glands 
of  the  Swiss  mice  were  significantly  heavier  than  those  of  the  other  strains 
and  the  phenotypic  dwarfs  had  the  smallest  glands.  The  greatest  I’’*  uptake 
occurred  in  the  female  Swiss  mice  and  there  was  relatively  little  iodine  concen¬ 
tration  in  the  dwarf  thyroids.  However,  the  phenotypically  normal  parent 
stock  of  the  obese  or  dwarf  strains  did  not  differ  significantly  from  the  Swiss 
mice.  The  phenotypically  obese  mice  tended  to  concentrate  less  I‘®‘  during  a 
five  hour  period  but  the  differences  were  not  statistically  significant. 

Much  research  has  been  done  on  strain  differences  in  thyroid  function  in  the  domestic 
I'lwl  (1,  2,  3,  4,  5)  and  in  mice  (6,  7,  8,  9,  10).  The  relationships  of  hypothyroidism  to 
lipid  metabolism  in  rats  and  mice  has  been  investigated  (11,  12)  and  the  effects  of  a 
I  lild  experimentally  produced  hyperthyroidism  on  the  growth  rate  of  mice,  rats,  the 
Miinea  pig  and  rabbit  has  also  been  studied  (9,  12).  This  paper  reports  the  results  of  a 
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study  of  thyroi*!  woiKlit  iin<l  I'**  uptake  in  three  strains  of  niiee  with  widely  diffi-n  it 
Kenotypes. 


MATKHIALS  AND  MKTHOUS 

One  of  the  strains  was  a  stoek  of  Rockland  Swiss  mice  maintained  at  Purdue  for  more  tl  '.n 
10  years  for  estrojsen  assays.  The  other  two  strains  were  originally  obtained  from  the  Jack>  >n 
Memorial  Laboratory  and  had  been  maintained  at  Purdue  for  about  three  years. 

One  strain  is  described  as  obesc-hyjrerglycemic.  The  parent  stock  were  heterozygi  us 
for  obesity  and  of  the  genetic  composition  Oh  oh.  The  double  recessive  mice  of  this  strain  .  re 
extremely  obese  and  have  the  genetic  makeup  oh  oh.  The  third  strain  carries  a  recessive  gi  up 
for  dwarfing.  The  parent  stock  were  heterozygous,  Div,  tlu\  and  compared  rather  favorablv  in 
size  with  the  Swiss  and  normal  mice  of  the  obese  strain.  The  double  recessive  dwarfs  were  ex¬ 
tremely  small,  of  low  vigor,  and  difficidt  to  raise.  As  a  result,  few  were  available  for  study. 

Iodine  concentration  in  the  thyroid  was  determined  five  hours  following  the  intrapi  ri- 
toneal  injection  of  1.0  microcurie  of  carrier-free  P”  as  Xal”'  in  acpieous  .solution.  This  level 
of  activity  and  time  interval  were  chosen  following  preliminary  studies  with  levels  from  O.'.’.i 
to  3.0  microcuries  and  time  intervals  of  two  to  24  Imurs.  .\t  autopsy  the  radioactivity  of  tlie 
individual  glands  was  measured  with  the  UIDL  Model  230  Scintillation  Spectrometer.  'I'lie 
differential  method  of  counting  1’“  at  the  0.304  Mev.  gama-emission  peak  was  used.  The  P" 
values  were  expressed  as  per  cent  of  uptake  of  the  administered  dose  at  a  five-hour  interval 
following  administration. 

It  is  recogidzed  that  many  factors  influence  thyroid  activity  and  that  per  cent  iodine 
uptake  at  a  particular  time  has  definite  limitations.  In  order  to  minimize  some  of  the  sources 
of  variation  the  breeding  colony  was  maintained  in  an  air-conditioned  room  at  apjiroxi- 
mately  24°  C.  The  animals  received  a  ration  containing  a  known  amount  of  idone,  0.235  mP  of 
iodine  per  gram.  The  test  animats  were  kept  at  a  temjH'rature  of  approximately  25°  C  jirior 
to  and  during  the  uptake  period  and  were  between  8  and  10  weeks  of  age  at  autopsy.  Plasma 
and  urinary  radioiodine  <'oncentrations  were  not  measured.  However,  all  strains  of  mice  and 
both  .sexes  were  compared  on  the  same  basis. 

The  mice  were  confined  in  individual  cages  without  food  or  water  during  the  uptake  peri¬ 
od.  .\t  exactly  five  hours  they  were  weighed,  chloroformed,  and  the  thyroid  glaiuls  removed 
and  weighed.  In  the  case  of  the  phenotypic  dwarf  mice  the  glands  were  extremely  small  and 
weighed  less  than  one  milligram.  Because  of  the  difficulty  in  obtaining  cleanly  di.ssected  glands 
of  this  size  they  were  not  routinely  weighed.  This  was  not  an  important  factor  in  the  accurate 
determination  of  I'*‘  activity.  In  other  studies  counts  of  cleanly  dissected  thyroids  were  com- 
pared  with  those  in  which  the  glands  were  attached  to  a  small  section  of  the  trachea.  There 
was  a  difference  of  less  than  1%  in  total  radioactivity  attributable  to  the  presence  of  the 
trachea. 

The  data  on  thyroid  weights  and  body  weights  were  first  analyzed  statistically  by  the 
method  of  analysis  of  variance;  the  Duncan- Bonner  Test  was  then  applied  to  detect  significant 
differences  between  mean  values.  The  data  on  per  cent  uptake  of  I'”  by  the  thyroid  glands 
were  analyzed  by  the  Student-Fisher  t-Test. 


KESULTS 

'I'he  data  are  suimnarized  in  Table  1.  There  were  highly  significant  differences  in  body 
weight  and  thyroid  weight  between  the  three  strains  of  mice  (P  <0.01). 

'I'lie  thyroid  weights  of  the  Rockland  Swiss  mice  were  significantly  heavier  than  those 
of  th(‘  obese  and  dwarf  strains  (P<0.01).  'I'he  thyroids  of  the  phenotypically  normal 
ilwarf-strain  males  were  significantly  heavier  than  those  of  the  phenotypically  normal 
male  and  female  mice  of  the  obese  strain  (P  <0.01).  .\lso,  the  thyroids  of  phenotypically 
obese  mice  were  heavier  than  those  of  the  phenotypically  normal  mice  of  the  obt  -e 
strain,  but  not  significantly  so.  -\lthough  the  thyroid  weights  of  the  females  in  genei  il 
tended  to  be  slightly  lighter  than  those  of  the  males  in  each  strain,  the  weight  differem  '-s 
were  significant  only  between  the  jihenotypically  normal  males  and  females  of  the  dw;  rf 
strain  (P<0.01). 

.\s  exjiected  the  phenotypically  normal  females  of  each  .strain  tended  to  be  signi  i- 
cantly  smaller  in  body  size  than  the  phenotypically  normal  males  (P  <0.01).  Differem  s 
in  the  body  weights  of  i)henotypically  obese  mice  and  phenotypically  dwarf  mice  w(  e 
highly  different  from  the  body  weights  of  all  the  other  mice,  as  expected  (P<0.0!i. 
'I'here  was  no  significant  body  weight  difference  between  the  phenotypically  obese  mal  s 
and  females  of  the  obese  strain. 
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Phenotypieally  normal  mice  of  the  obese  strain  were  significantly  smaller  in  body 
ize  than  Rockland  Swiss  mice  (P<0.01)  except  in  the  comparison  of  Rockland  Swiss 
■males  with  phenotypieally  normal  males  of  the  obese  strain.  There  were,  however, 
aarked  similarities  in  body  size  between  the  plumotypieally  normal  males  of  the  obese 
train  and  the  phenotypieally  normal  males  of  the  dwarf  strain. 

When  thyroid  weight  was  exi)ressed  as  a  per  cent  of  body  weight,  as  shown  in  Table  1. 
here  was  no  difference  between  the  Rockland  Swiss  and  the  phenotypieally  normal 
nice  of  the  dwarf  strain.  The  obese  mie«‘,  on  a  percentage  of  body  weight  basis,  had  som(‘- 
\  hat  smalh'r  thyroid  glands  than  the  other  groups  with  the  exee|)tion  of  the  <lwarfs. 


Table  1.  Co.mi’ahisox  ok  mean  vai.i  es  koh  body  wEHiHTs,  thyroio  wEicinrs  and 

flSl  VCTAKE  BY  THYROIDS  I.N  THREE  STRAINS  OF  MICE 


Strain 

(lenotypc 

Sex 

Total 

Xo. 

mice 

Body  wt. 

(itm) 

Thyroid  wt. 
(mg.) 

Thyroid  wt 
as  %  body  wt. 

I'®'  uptake 
in  5  hours 
(%) 

Hockland 

Swis.s 

All  Same 

All  Same 

Male 

Female 

33 

35 

28.6±2.7*  4.58±0.87 
23.4  ±2.3  4.3110.73 

0.016+0.003 
0. 01810. (M)3 

7. 8  +  2. 9 

9.512.8 

Ol)  Ob  or 

•Male 

1 7 

20.9+2.1 

2.78+0.42 

0.013  +0.002 

8.7  +4.0 

( (bese 

Ob  ob 
ob  ob 

Male 

12 

32.9+4.8 

3.25+0.51 

0.010+0.003 

6.5 +3.8 

(oh) 

Ob  Ob  or 

Female 

19 

18.4  +  1.9 

2.00+0.42 

0.014  +0.002 

6 . 1  +  2 . 4 

Ob  ob 
ob  ob 

Female 

15 

34.210.4 

3.11  ±0.49 

0.009  ±0.002 

4.811  .7 

I)w  I)w  or 

Male 

30 

22 .1+3.1 

3.55+0. .57 

0.016+0.003 

8. 0  +  4. 6 

1  )warf 

l)w  dw 
l)w  Dw  or 

Female 

23 

17.0  +  1  .9 

2.89+0.71 

0.016+0.004 

5. 5+3.1 

(dw) 

Dw  dw 
dw  dw 

Both 

8 

0.010.9  — 

— 

0.4  ±0.2 

*  The  values  given  are  the  means  and  the  standard  deviations. 


Statistieal  analysis  of  the  I”'  uptake  data  showed  that  the  phenotypic  dwarf  mice  had 
by  far  the  lowest  rate  of  uptake  (P<0.01).  When  the  data  were  grouped  by  sexes,  ex¬ 
cluding  the  phenotypieally  dwarf  mice,  there  was  no  significant  difference  between  males 
and  fem.ales.  uptake  was  significantly  greater  (P  <0.01)  in  the  Swiss  females  than  in 
the  females  of  the  other  two  strains.  The  uptake  of  1”*  was  not  significantly  different 
between  the  phenotypieally  obe.se  mice  and  the  phenotyjiically  normal  mice  of  the 
obese  strain. 


DISCUSSIO.V 

The  above  data  contribute  additional  evidence  of  differences  in  thyroid  function  be¬ 
tween  various  strains  of  mice  and  in  this  sense  substantiate  the  earlier  findings  of  Roger 
(t  al.  (7),  Hurst  et  al.  (9)  and  Stob  et  al.  (10).  The  results  on  I*”  uptake  in  the  phenotypi- 
cally  normal  and  obese  mice  of  the  obese-hyperglycemic  strain  are  in  agreement  with 
those  of  Bleisch  et  al.  (13)  and  Goldberg  et  al.  (14)  that  the  obesity  is  not  associated  with 
my  marked  difference  in  thyroid  function. 

The  observation  in  the  present  study  that  there  are  significant  differences  in  body 
•veight  and  thyroid  weight  between  the  three  strains  without  more  differences  in  1'®' 
uptake  cannot  be  readily  explained.  It  is  clear  that  the  Swiss  females  had  significantly 
leavier  thyroids  and  significantly  greater  I”'  uptake  than  either  the  phenotypieally  nor- 
iial  or  obese  females  of  the  obese  .strain  and  the  phenotypieally  normal  females  of  the 
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dwarf  strain;  but  it  seems  equally  clear  that  there  is  no  consistent  difference  in  I' 
uptake  between  the  males  of  the  Swiss,  obese  or  dwarf  strains  (with  the  e.\cej)tion  ( 
the  phenotypic  dwarfs).  Noteworthy  also  is  the  similarity  in  growth  rate  and  body  six 
of  the  phenotypically  normal  males  and  females  of  the  obese  and  dwarf  strains,  in  coi  - 
trast  to  the  extreme  obesity  or  dwarfism  evidenced  by  the  homozygous  dwarf  or  obc^  > 
mice. 

Wykks,*  .1.  E.  Christian  and  F.  N.  .\ndrews 

School  of  Pharmacy 
Department  of  Animal  li ushandry 
Purdue  University 
Lafayette,  Indiana 
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A  NEW  APPARATUS  FOR  DfM'ERMINING  OXYGEN 
CONSU-MPTION  IN  RATS'  * 

ABSTRACT 

.\n  apparatus  is  described  which  can  be  easily  constructed  for  student  or 
research  use  and  which  gives  excellent  results  in  measuring  the  oxygen  consump¬ 
tion  of  rats.  Results  obtained  with  the  apparatus  are  similar  to  those  reported 
elsewhere. 

Holtkamp  et  al.  (1)  have  described  an  apparatus  for  measuring  the  o.\ygen  consump 
tion  of  groups  of  rats  in  a  single  experiment.  The  basic  idea  is  sound  but  the  apparatii 
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Fig.  1.  \  diagram  of  an  apparatus  for  measuring  oxygen  eonsumption  in  small 
animals.  Most  of  the  dimensions  are  not  critical  and  are  not  indicated. 

!s  not  satisfactory  because  it  requires  constant  attendance;  does  not  give  permanent 
records,  and  is  cumbersome  to  operate  in  removing  and  replacing  animals. 

\Vc  have  redesigned  this  apparatus  in  such  a  manner  that  all  of  these  difficulties  are 
•voided. 

•METHODS 

The  apparatus  is  jiresented  in  h'igurc  1.  It  was  constructed  of  readily  available  materials 
nd  can  be  made  bv  any  competent  shop  man.  The  instrument  is  constructed  of  plastic  for 
asy  assembly  and  for  comjilete  vision.  No  dimension  is  critical  and  the  size  can  be  varied  to 
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suit  the  animal  to  be  tested.  The  method  of  construction  is  as  follows:  A  box  was  constructe 
from  J  inch  plastic  which  is  10  X 10  inches  square  with  sides  5i  inches  high  and  partition  (A 
of  i  inch  plastic  is  constructed  across  the  box  at  approximately  the  half-way  point  with  hole 
for  water  circulation,  cut-outs  for  heater  coils,  and  holes  for  connections  to  the  spirometer^ 
This  assembly  constituted  the  water  bath. 

The  bath  was  mounted  on  a  board  (C)  slightly  longer  than  the  instrument  and  a  circulal 
ing  pump  (I))  (centrifugal  pump  supplied  by  Herbach  and  Rademan,  Fhila.)  was  fastened  t; 
the  board.  Connections  were  made  as  illustrated  from  the  pump  to  the  bath  so  that  watc. 


F'ig.  2.  Re.sults  obtained  with  the  apparatus  on  the  oxygen  consumption  of  rats.  .\ll 
consumptions  were  measured  over  a  six  minute  period.  The  effect  of  movement,  normal 
oxygen  consumption,  and  the  oxygen  consumption  of  a  hyperthyroid  rat  (given  10(1 
meg.  TRIT)  is  clearly  .shown. 


could  be  circulated  continuously.  A  heatercoil  (E)  (Fisher,  100  watt)  was  coiled  in  the  bottom 
of  the  box  and  the  ends  taken  out  through  the  wall  to  a  110-volt  A.C.  connection.  A  Fenwall 
thermoregulator  (B)  was  installed  in  the  line  for  temperature  control.  A  constant  water  level 
can  easily  be  installed  if  desired. 

The  animal  containers  were  easily  made  from  plastic  tubing  (F)  in  the  desired  diameter 
which  may  be  varied  according  to  the  size  of  animal  to  be  tested.  For  the  rat,  three  inch  tub¬ 
ing  was  satisfactory.  The  tubing  was  threaded  on  one  end  and  a  cap  (G)  was  cut  from  sheet 
plastic  ( J  inch)  and  threaded  to  fit  the  tube.  A  hole  was  now  cut  through  the  wall  of  the  water 
bath  to  fit  the  outside  diameter  of  the  tubing,  the  tube  passed  through,  cemented  to  the  parti¬ 
tion,  and  the  joints  were  made  air-tight  by  a  liberal  application  of  plastic  cement. 

The  spirometers  were  made  of  thin  shim  brass  (H)  cut  to  the  desired  dimensions,  sus¬ 
pended  on  jeweled  bearings  (M),  and  counter-weighted  with  small  copper  weights  (N).  Thi 
critical  dimensions  are  on  the  drawing.  A  pointer  (I)  was  soldered  to  the  swinging  edge  and 
arranged  to  write  on  a  kymograph  drum.  Connections  (J,  K)  were  supplied  from  the  animal 
container  to  the  spirometer  and  from  the  spirometer  to  the  oxygen  supply  through  small  stop¬ 
cocks  (()). 

A  small  cylinder  (L)  of  plastic  was  cut  to  fit  the  inside  of  the  animal  holder,  drilled  with 
many  small  holes,  and  filled  with  soda  lime  to  absorb  carbon  dioxide. 

Although  the  apparatus  was  built  with  two  holders  for  experimental  and  control  animals 
it  could  be  built  with  many  containers.  The  present  plan  permits  the  introduction  and  removal 
of  the  animal  without  disturbance  of  the  bath  or  the  spirometer.  It  also  permits  extremch 
short  connections  between  holder  and  spirometer  to  lessen  any  dead  space  effect. 
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The  operation  of  the  apparatus  is  extremely  simple.  After  the  animal  has  been  plated  in 
t!  ■  container  and  the  end  sealed,  oxygen  is  introduced  in  carefully  measured  amounts  with 
a  cn  ml.  oiled  syringe,  using  a  three-way  stopcock.  The  movement  of  the  pointer  is  registered 
o  the  kymograph  drum  and  can  he  measured  to  determine  the  exact  relationship  between 
V  iume  and  movement  of  the  spirometer.  Oxygen  is  now  introduced,  the  system  is  closed  and 
t  •  downward  movement  of  the  pointer  records  the  oxygen  used  by  the  animal.  A  control  and 
a  experimental  animal  may  be  run  simultaneously.  Simple  calculations  determine  the  oxygen 
f  isumption  and  this  may  l)e  corrected  for  barometric  pressiire  and  for  water  vapor  as  desired. 


RK.SULTS 


Figure  2  illustrates  results  which  have  bemi  obtained  in  this  apparatus.  It  will  bo 
o  served  that  there  is  a  regular  fall  of  the  pointer  permitting  easy  calctdation  of  oxygen 
c  iisumption.  The  administration  of  a  drug  which  alters  oxygen  consumption  is  seen  to 
p  oduce  dramatic  changes  in  the  record  indicating  the  sensitivity  of  the  method.  The 
ri  'Ults  we  have  obtained  for  oxygen  consumption  agree  very  well  with  those  of  Holt- 
k  mp  et  al.  Five  adult  rats  had  an  o.xygen  consumption  of  1.4(5  ml.  hr.  gm.  B.W.  +  S.I). 
()  10  and  5  thyroidectomized  animals  had  a  consumption  of  I.IO  +  S.D.  O.OS  ml.  hr.  gm. 
i;  W. 
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NONSPEXTFICTTY  OF  THE  MECHANISM  THAT  ELICITS  MYOCARDIAL 
NECROSES  IN  HCMORALLA"  CONDITIONED  RATS 

ABSTRACT 

Following  pretreatnumt  with  2-methyl-9(a)-chlorocortisol  and  NaH2POi, 
massive,  multiple  myocardial  necroses  can  be  precipitated  by  a  variety  of 
stre.ssor  agents;  hence,  this  eliciting  mechanism  is  consirlered  to  he  largely  non¬ 
specific. 

brief  jx-riod  of  neuromuscular  effort  regularly  precipitates  multiple  myocardial 
necroses  in  rats  jnetreated  with  small  doses  of  2-methyl-9(a)-chlorocortisol  (Me-Cl- 
COL)  and  an  excess  of  NaH2P04  (1).  We  wished  to  determine  whether  sueh  infarct-like 
foci  can  also  be  elicited  by  otlicr  stressors  in  suitably  pretreated  rats. 

One  hundred  and  forty  female  Sprague- Da wley  rats,  with  a  mean  initial  body  weight 
of  9(5  gm.  (range*:  9()-  l()S  gm.),  were  subdivided  into  14  equal  groups  (Table  1). 

The  rats  of  all  groups  were  conditioned  by  treatment  during  five  days  with  Me-Cl- 
COL  (microcrystals  of  the  acetate  at  the  flaily  dose  of  50 /rg.  in  0.2  ml.  of  wat(*r,  subcu¬ 
taneously)  and  XnlltPOi  (15%  aqueous  solution,  2  ml.,  twice  daily,  by  stomach  tube*). 
(.roup  /  acted  as  otherwise  untreated  controls.  In  all  other  groups  additional  treatments 
vi*re  administered  only  on  the  fourth  day.  The  rats  of  Group  II  were  forcefully  restrained 
i:  the  prone  position  during  seven  hours,  by  strapi)ing  their  extremities  to  a  board  with 
ii  ihesive  tape.  Group  III  was  anesthetized  by  the  intraperitoneal  administration  of  3 
I’  g.  of  j)entobarbital  in  0.3  ml.  of  water,  followed  by  a  second  injection  of  1  mg.  in  0.1 
I  1.,  five  hours  later  when  the  animals  began  to  awaken.  In  Group  IV,  both  vagi  were 
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transected,  near  the  bifurcation  of  the  carotid  arteries.  This,  like  all  other  surgic  1 
operations,  was  performed  under  ether  anesthesia.  The  rats  of  Group  T  were  immers  1 
in  icy  water  during  3  min.  and  those  of  Group  VI  in  water  at  +4S®  C,  during  5  min.,  t 
10:00  -K.M.,  1  :(K)  p.m.  and  5:00  p..m.  In  Group  VII,  the  spinal  cord  was  transected,  wi'h 
a  thermocautery,  just  caudad  from  the  seventh  cervical  vertebra.  In  Group  VIII,  tl  e 
femur,  tibia  and  humerus  were  fractured  on  both  sides.  In  Group  IX,  the  stoma(  i, 
ilium  and  caecum  were  each  crushed  three  times  with  a  thin  hemostat.  In  Group  .v, 
quadriplegia  was  produced  by  bilateral  extirpation  of  the  brachial  plexus  and  transi  - 


Table  1.  I.xductio.x  of  cardiopathy  by  variocs  stressor  age.nts 


(iroup 

1 

Treatment* 

Cardiopathy 

Incidence  Severity  j 

(0/0)  (Scale:  1-3) 

Mortality 
(0/0)  ■ 

I 

None  i 

20 

0.5  +  20 

0 

II 

Restraint 

100 

2.6  +  22 

70 

III 

Pentobarbital 

30 

0.8±0.41 

0 

IV 

V'agotomv 

60 

1.810.45 

70 

V 

Cold  baths 

70 

1.8+0.41 

60 

VI 

'  Hot  baths 

00 

2.1+0.32 

70 

VII 

Spinal  cord  transection 

40 

0.4  +  17 

0 

vni 

Bone  fractures 

70 

1.9+36 

10 

IX 

Crushing  of  intestines 

100 

2.510.20 

10 

X 

Quadriplegia 

100 

3.010 

30 

XI 

.\drenaline 

60 

1.7+0.40 

10 

XII 

,  Noradrenaline 

1  60 

1 .4+0.40 

10 

XTII 

“Pitressin” 

40 

1.1  10.40 

10 

XIV 

I  Nephrectomy 

40 

0.710.20 

100 

*  Prior  to  the  treatments  indicated  in  this  column,  the  rats  of  all  groups  were  conditioned 
by  Me — Cl — COL— .\c  and  NaH}P04  as  indicated  in  the  text. 


tion  of  the  femoral  obturator  and  sciatic  nerves.  Group  XI  received  adrenaline  hydro¬ 
chloride,  and  Group  XII,  noradrenaline  hydrochloride.  Both  groups  received  two  sub¬ 
cutaneous  injections  at  the  dose  of  200  pg.  in  0.2  ml.  of  oil.  Group  XIII  was  given  10 
pressor  units  of  a  posterior  pituitary  extract  (“Pitressin,”  Parke,  Davis),  in  1  ml.  of 
water,  subcutaneously,  twice.  Group  XIV  was  bilaterally  nephrectomized. 

The  morphologic  characteristics  of  the  multiple  necroses  are  illustrated  in  Figure  1 . 

Table  1  lists  the  incidence  (judged  by  inspection  of  the  whole  heart  with  a  loupe  and 
histologic  stud}'  of  one  section  through  each  heart)  and  the  mean  severity  of  the  cardiac 
lesions  (expressed  in  an  arbitrary  scale  of  1  to  3,  on  the  basis  of  appraisal  both  by  loujte 
inspection  and  histologic  study)  with  its  standard  error.  The  readings  printed  in  heavv 
numerals  represent  presumably  significant  (P  <0.05)  aggravations  of  the  cardiopath} , 
beyond  the  pretreatment  level. 

It  is  evident  that  several,  entirely  unrelated,  agents  proved  effective  in  elicitiii^ 
cardiac  necroses.  .Vll  nephrectomized  rats  died  within  12  hours  after  the  operation  (pn  - 
sumably  because  of  their  inability  to  eliminate  the  orally  administered  phosphate  ; 
consequently,  the  relative  mildness  of  the  cardiopathy  in  this  group  is  difficult  to  inte  - 
pret.  However,  spinal  shock,  profound  and  prolonged  pentobarbital  anesthesia  and  sul  - 
lethal  doses  of  the  pressor  posterior  lobe  extract  also  failed  to  aggravate  the  cardiii" 
lesions.  Apparently,  in  the  suitably  conditioned  animal,  the  precipitating  mechanisi  > 
can  be  activated  by  a  great  variety  of  .stressors;  yet,  this  activation  is  less  nonspecif. ’ 
than  some  of  the  other  manifestations  of  the  general  adaptation  syndrome  (e.g.,  tl 
discharge  of  .VCTH,  or  the  involution  of  the  thymicolymphatic  organs),  perhaps  becau> 


Fig.  1.  Left:  Macroscopic  aspect  of  the  heart  of  a  rat  in  which  extensive  infarct-like 
necroses  (pale  areas)  have  been  precipitated  by  neuromuscular  effort  after  sensitization 
with  Me-CL-COL  and  XaH2P04.  Right:  Histologic  aspect  of  the  borderline  between 
tlie  healthy  (upper  left  field)  and  the  necrotic  cardiac  muscle  of  the  same  rat. 


the  nonspecific  cardiotoxic  action  of  some  stressors  can  be  counteracted  by  their  specific 
effects  upon  the  heart. 
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Sulfate 

H.  F.  Deluca.  Vitamin  D  and  Citrate  Metabolism 
Franklin  C.  McLean,  Chairman 

Nicolay  Eeg-Larsen.  Glycolysis  in  Epiphyseal  C/’artilage 
7  July 

Chemistry  and  Physiology  of  the  Parath3  roid  Hormone 
John  E.  Howard,  Chairman 

H.  Rasmussen.  Studies  on  the  Isolation  of  the  Parathyroid  Hormone 
C.  Rich,  M.  Horwith,  D.  Thompson  and  H.  Rasmussen.  Physiological  Effects 
of  Purified  ParathjToid  Hormone  in  Humans 
E.  C.  Reifenstein,  Jr.,  Chairman 
E.  Kodicek.  Metabolism  of  Vitamin  D. 

1 S  July 

Current  Research  Trends 

Wallace  D.  .Armstrong.  Chairman 

SECm'D  WORLD  CONGRESS,  INTERNATIONAL  FEDERA¬ 
TION  OF  GYNAECOLOGY  AND  OBSTETRK^S 

The  Second  World  Congre.ss  of  the  International  Federation  of  Gynae¬ 
cology  and  Obstetrics,  which  will  be  held  in  the  newly-lmilt  Queen  Eliza¬ 
beth  Hotel  in  Montreal,  Canada,  from  June  22  to  28,  1958,  will  have 
on  its  program  eight  main  lectures  given  by  eminent  scientists  whose 
studies  and  research  are  related  to  the  field  of  gynaecology  and  obstetrics. 
The  guest  speakers  and  the  title  of  their  lectures  are  as  follows: 
Professor  Murray  L.  Barr,  Department  of  Micro.scopic  Anatomy, 
University  of  Western  Ontario,  London,  Canada:  Tesfs  of  Chromo¬ 
somal  Sex  and  Their  Application  to  Clinical  Problems. 

Professor  Hermann  Bautzmann,  Anatomi.sches  Institut,  Hamburg, 
Germany.  Comparative  Studies  on  the  Histology  and  Function  of  Ani¬ 
mal  and  Human  Amnion. 

Professor  Roberto  Caldeyro-Barcia,  Chief  of  the  Section  of  Ob¬ 
stetrical  Physiology,  Faculty  of  Medicine,  Montevideo,  Uruguay: 
Contractility  of  the  Human  Gravid  Uterus  and  Its  Applieation  to  the 
Obstetrical  Clinic. 

Professor  G.  W.  Harris,  Head  of  the  Department  of  Neuroendocrinol¬ 
ogy,  Maudsley  Hospital,  London,  England:  Relationship  of  the 
Central  Nervoiis  System  to  Pituitary  and  Reproductive  Activity. 
Professor  Charles  Oberling,  Institut  de  Recherches  sur  le  Cancer 
Gustave  Rous.sy,  Villejuif  (Seine),  France:  The  Cytology  of  the 
Cancerous  Cell. 

Professor  Bradley  M.  Patten,  Chairman,  Department  of  Anatomy, 
University  of  Michigan  Medical  School,  Ann  Arbor,  Michigan:  The 
Establishing  of  Fetal-Maternal  Vascular  Relations. 
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Professor  Hans  Selye,  Director  of  the  Institute  on  Experimental  Me(l>- 
cine  and  Surgery,  University  of  Montreal,  Montreal,  Canada:  Siret-t 
in  Gynaecology. 

A  representative  of  the  U.R.S.S.  (on  a  subject  of  his  choice) 

All  correspondence  should  be  directed  to  the  Montreal  Committe( , 
Second  World  Congress,  International  Federation  of  Gynaecology  and 
Obstetrics,  1414  Drummond  Street,  Suite  220,  Montreal  25,  Canada. 


REPRINTS  WANTED  ON  ENDOCRINE-CANCER 
RELATIONSHIPS 

The  Cancer  Chemotherapy  National  Service  Center  is  seeking  reprints 
for  a  reference  collection  covering  the  broadest  range  of  endocrine-cancer 
relationships,  as  well  as  basic  endocrinology.  In  particular  it  needs  clinical 
data  on  cancer  patients  treated  with  hormones,  data  on  the  biological 
activities  of  hormones,  analogs  and  antagonistic  substances,  and  data  on 
the  effects  of  hormones  on  animal  tumors.  Assay  data  on  steroids  would  be 
especially  welcome.  Those  wishing  to  assist,  please  send  reprints  to:  Dr. 
D.  Jane  Taylor,  Endocrinology  Section,  Cancer  Chemotherapy  National 
Service  Center,  National  Institutes  of  Health,  Bethesda  14,  Maryland. 


